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D isse m in a tio n  o f  k n ow led ge is  one o f th e  o b je c ts  o f th e  U n iv e r s ity . T h e r e fo r e  
M em b ers o f th e  U n iv e r s ity  and o th e r s  w ho su b m it t h e s e s /d is s e r t a t io n s  fo r  h ig h e r  d e g r e e s
a r e  ex p ected  to  r e lin q u ish  to  the U n iv e r s ity  c e r ta in  r ig h ts  o f  rep rod u ction  and d istr ib u tio n
M o reo v er  it is  r e c o g n ise d  that a p p lica n ts  ow e a duty to  th e ir  D ep a rtm en ts  o f stu d y , the
A ca d em ic  S taff and sp o n so r in g  b o d ie s  fo r  th e ir  r e s p e c t iv e  co n tr ib u tio n s to th e  r e s e a r c h .
W ithin th e  l im it s  o f th e s e  r e q u ir e m e n ts , th e a u th o r 's  cop yrigh t i s  sa feg u a rd ed .
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1 . W hen su b m ittin g  a th e s is /d is s e r t a t io n  fo r  th e  p u rp o ses  o f a h ig h er  d e g r e e  th e  
... ap p lican t sh a ll s ig n  an . ir r e v o c a b le  au th o rity  in p r e sc r ib e d  fo rm  ap poin ting  th e
 L ib r a r ia n .h is  attbrriey w ith  the r igh t to  rep ro d u ce  the th e s is /d is s e r t a t io n  by -.. .
photocopy o r  in  m ic r o film  and to  d is tr ib u te  c o p ie s  to  th o se  in stitu tio n s  o r  p e r so n s
... . .. .. who in  th e L ib r a r ia n 's  op inion r e q u ire  th em  fo r  a c a d e m ic  (a s d is t in c t  fro m  
• c o m m e r c ia l)  p u r p o se s .
2 . T h e L ib ra r ia n  in co n su lta tio n  w ith  the ap p ro p r ia te  D ep artm en t o f stu d y o r  
sp o n so r in g  body sh a ll  h ave th e  r ight to  r e fu se  to  p ro v id e  c o p ie s ,  o r  to  im p o se  
su ch  con d ition s a s  he th in k s f it  on th e  p r o v is io n  o f c o p ie s ,  w ith  the ob ject of  
sa fegu ard in g  th e a p p lica n t's  cop yrigh t and th e  in te r e s t s  o f th e  U n iv e r s ity  and the  
sp o n so r in g  body.
3 . T h e se  R egu lation s a r e  su b jec t to  re q u ir e m e n ts  o f any body under w h ose  
sp o n so rsh ip  th e r e s e a r c h  p ro jec t g iv in g  r i s e  to  th e t h e s is /d is s e r t a t io n  is  
c a r r ie d  on .
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ABSTRACT
n - t y p e  s p e c im e n s  u s in g  a c c e p t o r  i o n s .  S e v e r a l  w o rk e r s  h a v e  r e p o r t e d
on R u th e r f o r d  s c a t t e r i n g  e x p e r im e n ts  a s  a m eth o d  o f  i n v e s t i g a t i n g
th e  i n t e r s t i t i a l / s u b s t i t u t i o n a l  r a t i o  o f  im p la n te d  i o n s .  An
i n v e s t i g a t i o n  f o r  a  s i n g l e - c r y s t a l  n - t y p e  germ anium  b o m b ard ed  w i th
B , Ga an d  In  i o n s  i n  a n o n - c h a n n e l l e d  d i r e c t i o n  by m eans o f  th e
d e t e r m i n a t i o n  o f  t h e  e l e c t r i c a l  p r o f i l e  i s  d e s c r ib e d *
F o r i o n - i m p l a n t e d  l a y e r s  s h e e t  r e s i s t i v i t y  m e a s u re m e n ts  a r e
n o t  s u i t a b l e  f o r  d e t e r m in in g  t h e  num ber o f  a c t i v e  c a r r i e r s  o b t a i n e d
f o r  t h e  i m p la n t  b e c a u s e  n e i t h e r  t h e  d e p th  d i s t r i b u t i o n  o f  c a r r i e r s
n o r  t h e  i n f l u e n c e  o f  l a t t i c e  d i s o r d e r  on m o b i l i t y  i s  know n.
A c c o r d in g ly ,  t h e  i n v e s t i g a t i o n  u t i l i s e s  t h e  U a n -d e r-P a u w  m ethod  f o r
t h e  m e a su re m e n t o f  r e s i s t i v i t y  t o g e t h e r  w i th  H a l l  e f f e c t  m e a s u re m e n ts
c o m b in ed  w i th  an  a n o d i c - o x i d a t i o n  l a y e r - r e m o v a l  t e c h n i q u e  t o  e s t a b l i s h
th e  v a r i a t i o n  w i th  m o b i l i t y  a n d  c a r r i e r  c o n c e n t r a t i o n / c m ^  w i th  d e p th
# ©
an d  h e n c e  e n a b l e s  t h e  d e t e r m i n a t i o n  o f  t o t a l  a c t i v e  c a r r i e r s / c m  .
As p a r t  o f  t h e  i n v e s t i g a t i o n  t h e  i n f l u e n c e  o f  v a r i o u s  p a r a m e t e r s ,  
s u c h  a s  i m p l a n t a t i o n  e n e r g y ,  t o t a l  d o s e  an d  s u b s e q u e n t  a n n e a l i n g  a r e  
d e s c r i b e d  t o g e t h e r  w i th  i n v e s t i g a t i o n s  i n t o  t h e  p ro b le m s  o f  s a t i s f a c t o r y  
ohm ic  c o n t a c t s  t o  p - t y p e  germ an iu m  an d  j u n c t i o n  i s o l a t i o n  a t  th e  
t e m p e r a tu r e  o f  l i q u i d  n i t r o g e n .
An a p p e n d ix  a l s o  d e s c r i b e s  some w ork on S i l i c o n .
Layers of p-type germanium can be produced by bombardment of
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CHAPTER 1 INTRODUCTION
i s  n o t  n e w .  I n  t h e  e a r l y  1 9 0 0 ' s  b o t h  S t a r k  ( 1 )  a n d  B a u m  ( 2 )  r e p o r t e d
o n  t h e  b o m b a r d m e n t  o f  i o n i c  c r y s t a l s  a n d  m e t a l  f o i l s .  I n  1 9 4 8 ,  B o h r  ( 3 )
p u b l i s h e d  h i s  t h e o r i e s  t o  e x p l a i n  t h e  m e c h a n i s m  o f  p e n e t r a t i o n  o f  i o n s
i n  s o l i d s  a n d  i n  1 9 5 2 ,  O h l  ( 4 )  d e s c r i b e d  t h e  b o m b a r d m e n t  o f  s i l i c o n
p o i n t - c o n t a c t  d i o d e s ,  o b s e r v i n g  t h a t  t h e  d a m a g e  i n d u c e d  b y  t h e  i o n
b o m b a r d m e n t  d e s t r o y e d  t h e  r e c t i f y i n g  p r o p e r t i e s  b u t  t h a t  t h e s e  c o u l d
b e  r e s t o r e d  b y  a n n e a l i n g .  R o u k e ,  S h e f f i e l d  a n d  W h i t e  i n  1 9 6 1  r e p o r t e d
( 6 )  o n  t h e  p r o d u c t i o n  o f  s h a l l o w  p - n  o r  n - p  j u n c t i o n s  b y  b o m b a r d i n g
s i l i c o n  w i t h  g r o u p  I I I  o r  g r o u p  V  e l e m e n t s  a n d  a f t e r  t h i s  t h e  n u m b e r
o f  i n v e s t i g a t i o n s  i n t o  t h e  e f f e c t s  o f  b o m b a r d m e n t  o n  b o t h  s i l i c o n  a n d
g e r m a n i u m  g r e w  r a p i d l y  p a r t i c u l a r l y  i n  t h e  U . S . A .  a n d  R u s s i a .  I n  1 9 6 3 ,
M e d v e d  e t  a l  ( 8 ,  9 )  r e p o r t e d  o n  t h e  p r o p e r t i e s  o f  p - n  j u n c t i o n s  f o r m e d
i n  s i l i c o n  b y  a l k a l i - m e t a l  i o n  b o m b a r d m e n t  a n d  i n  1 9 6 4 ,  M c C a l d i n  a n d
U i d m e r  ( 1 0 )  d r e w  a t t e n t i o n  t o  t h e  a p p a r e n t  d i s c r e p a n c i e s  b e t w e e n  t h e
r e s u l t s  o f  b o m b a r d i n g  G e  p r e v i o u s l y  r e p o r t e d  b y  C u s s i n s  ( 5 ) ,  i . e .
r a d i a t i o n  d a m a g e  e f f e c t  a l m o s t  c o m p l e t e l y  i n d e p e n d e n t  o f  t h e  s p e c i e s
o f  b o m b a r d i n g  i o n ,  a n d  t h e  a c c o u n t  b y  M e d v e d  e t  a l  ( 8 )  w h e r e  t h e
e n e r g e t i c  C s  b o m b a r d m e n t  o f  S i  i n d i c a t e d  a  d o p i n g  e f f e c t  d u e  t o  t h e
c h e m i c a l  n a t u r e  o f  t h e  b o m b a r d i n g  i o n .  M c C a l d i n  a n d  W i d m e r  u s i n g
c o n t r o l l e d  t a r g e t  t e m p e r a t u r e s  w e r e  a b l e  t o  s h o w  t h a t  d a m a g e  c e n t r e s
d o m i n a t e d  t h e  d o p i n g  e f f e c t  i f  t h e  t a r g e t  w a s  b o m b a r d e d  c o l d  b u t  t h a t
c h e m i c a l  d o p i n g  d o m i n a t e d  i f  t h e  t a r g e t  w a s  m a i n t a i n e d  a t  a  s u f f i c i e n t l y
h i g h  t e m p e r a t u r e .  P a v l o v ,  Z o r i n  a n d  T e t e l ' b a u m  ( l l )  a l s o  q u e s t i o n e d
C u s s i n s '  c o n c l u s i o n  a n d  f o u n d  t h a t  b y  b o m b a r d i n g  G e  w i t h  b o r o n  a n d
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i n t r o d u c e d  w e r e  f u l l y  u t i l i s e d  a s  a c c e p t o r s  ( 1 2 ,  1 3 ) .
A l t o n  a n d  L o v e  ( 1 4 )  a l s o  n o t e d  t h a t  t h e  p r o p e r t i e s  o f  i o n - b o m b a r d e d  
g e r m a n i u m  c o u l d  b e  d o m i n a t e d  b y  r a d i a t i o n  d a m a g e  a n d  t h e  c h e m i c a l  e f f e c t s  
o f  t h e  i m p l a n t e d  i o n s  c o u l d  b e  o b s c u r e d .  T h e y  r e p o r t e d  t h a t  h e a v y - p a r t i c l e  
b o m b a r d m e n t  i n t r o d u c e d  a c c e p t o r  s t a t e s  r e g a r d l e s s  o f  t h e  i d e n t i t y  o f  t h e  
b o m b a r d i n g  s p e c i e s .  T h e i r  a n n e a l i n g  c u r v e s  f o r  n ~ t y p e  G e  i n d i c a t e d  a  
t w o - s t a g e  p r o c e s s  w h i c h  w a s  d e p e n d e n t  u p o n  t h e  i o n  s p e c i e s  u s e d  a n d  t h e  
c r y s t a l  o r i e n t a t i o n .  T y p e - c o n v e r s i o n  t e m p e r a t u r e s  i n  p - t y p e  G e  v a r i e d
p  0
f r o m  4 5 0  C  f o r  p h o s p h o r u s  t o  s l i g h t l y  o v e r  5 0 0  C  f o r  a n t i m o n y  s u g g e s t i n g  
t h a t  t h e  e a s e  o f  m o v i n g  a  p a r t i c u l a r  s p e c i e s  i n t o  a n  a c t i v e  l a t t i c e  
p o s i t i o n  w a s  r e l a t e d  t o  i t s  a t o m i c  s i z e .  A l t o n  a n d  L o v e  u s e d  a  f o u r -  
p o i n t  p r o b e  m e t h o d  t o  m e a s u r e  s h e e t  r e s i s t i v i t y  a n d  t h i s  c o m b i n e d  w i t h  
H a l l  c o e f f i c i e n t  m e a s u r e m e n t s  g a v e  q u a n t i t a t i v e  i n f o r m a t i o n  o n  e f f e c t i v e  
f r e e - c a r r i e r  d e n s i t y  a n d  m o b i l i t y  c h a n g e s  d u r i n g  a n n e a l i n g .
I n  1 9 6 7 ,  M a y e r  a n d  h i s  c o - w o r k e r s  ( 1 6 )  f o l l o w i n g  e x p e r i m e n t s  o n  
t h e  l a t t i c e  l o c a t i o n  o f  g r o u p  I I I  a n d  g r o u p  V  e l e m e n t s  i n  S i  a n d  G e ,  
r e p o r t e d  t h a t  f o r  t h e  s l o w e r  d i f f u s a n t s  i . e .  g r o u p  I I I  e l e m e n t s  i n  G e ,  
a  c o n s i d e r a b l y  h i g h e r  f r a c t i o n  w a a  l o c a t e d  o n  s u b s t i t u t i o n a l  s i t e s  t h a n  
f o r  t h e  f a s t e r  d i f f u s a n t s .  I n  f u r t h e r  r e p o r t s  ( 1 7 ,  1 8 )  t h e y  d e s c r i b e d  
t h e i r  m e t h o d  o f  d e t e r m i n i n g  t h e  l o c a t i o n  o f  i m p l a n t e d  a t o m s  i n  t h e  
l a t t i c e  a n d  a l s o  t h e  a m o u n t  o f  l a t t i c e  d i s o r d e r  b a s e d  o n  t h e  b a c k -  
s c a t t e r  t e c h n i q u e .  S u b s e q u e n t l y  ( 1 9 )  t h e y  a t t e m p t  t o  c r o s s - r e l a t e  
t h e  i n f o r m a t i o n  t h e y  h a d  o b t a i n e d  o n  S i  w i t h  a n  e l e c t r i c a l  e v a l u a t i o n  
u s i n g  H a l l  e f f e c t  a n d  s h e e t  r e s i s t i v i t y  m e a s u r e m e n t s .
I n  1 9 6 7 ,  t h e  a u t h o r  c o m m e n c e d  t h e  e x p e r i m e n t a l  w o r k  o f  a t t e m p t i n g  
t o  d e t e r m i n e  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  g e r m a n i u m  d o p e d  b y  i o n  
i m p l a n t a t i o n .  I t  w a s  h o p e d  t h a t  t h i s  w o r k  c o u l d  b B  c o - r e l a t e d  t o  o t h e r  
w o r k  b e i n g  u n d e r t a k e n  w i t h i n  t h e  D e p a r t m e n t  o f  E l e c t r o n i c  a n d  E l e c t r i c a l  
E n g i n e e r i n g  a t  t h e  U n i v e r s i t y  o f  S u r r e y  u s i n g  t h e  R u t h e r f o r d  s c a t t e r i n g  
t e c h n i q u e .  T h i s  t h e s i s  i s  t h e  o u t c o m e  o f  t h e  a u t h o r ' s  w o r k .
C h a p t e r s  2  a n d  3  d i s c u s s  t h e  t h e o r y  o f  c o l l i s i o n s  a n d  t h e  t h e o r e t i c a l  
b a s i s  o f  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  s e m i c o n d u c t o r s  r e s p e c t i v e l y .  T h e
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m a t e r i a l  c o n t a i n e d  i n  b o t h  t h e s e  c h a p t e r s  i s  n o w  f i r m l y  e s t a b l i s h e d  
a n d  r e f e r e n c e  i s  m a d e  t o  r e l e v a n t  s e c t i o n s  w h e n  e x p e r i m e n t a l  p r o c e d u r e s  
a n d  r e s u l t s  a r e  d i s c u s s e d  i n  l a t e r  c h a p t e r s .
V a r i o u s  m e a s u r e m e n t  t e c h n i q u e s  t h a t  c a n  b e  a d o p t e d  t o  d e t e r m i n e  t h e  
f i n a l  p o s i t i o n  o f  t h e  i m p u r i t y  p a r t i c l e  a n d  i t s  r e l a t e d  e l e c t r i c a l  e f f e c t  
a r e  d e a l t  w i t h  i n  C h a p t e r  4 .  B o t h  R u t h e r f o r d  s c a t t e r i n g  a n d  e l e c t r i c a l  
e v a l u a t i o n  p r o c e d u r e s  a r e  i n c l u d e d  a s  w e l l  a s  s e c t i o n s  o n  t h i n - l a y e r  
s t r i p p i n g  u s i n g  a n o d i c - o x i d a t i o n  m e t h o d s .
T h e  e x p e r i m e n t a l  p r o c e d u r e s  u s e d  a n d  d e t a i l s  o f  t h e  a p p a r a t u s  a r e  
g i v e n  i n  C h a p t e r  5 .  T h e  i m p o r t a n t  q u e s t i o n  o f  s p e c i m e n  p r e p a r a t i o n  
a n d  t h e  f o r m a t i o n  o f  o h m i c  c o n t a c t s  a r e  a l s o  i n c l u d e d  i n  t h i s  c h a p t e r .
C h a p t e r  6  c o n t a i n s  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t s  t o  d e t e r m i n e  
a n n e a l i n g  b e h a v i o u r ,  u t i l i s a t i o n  f a c t o r s  a n d  d e p t h  p r o f i l e s  o f  v a r i o u s  
i m p u r i t y  p a r t i c l e s  i m p l a n t e d  i n t o  g e r m a n i u m  a n d  t h e s e  r e s u l t s  a r e  
d i s c u s s e d  i n  C h a p t e r  7 .
V a r i o u s  s u b s i d i a r y  e x p e r i m e n t s  i n v o l v i n g  s i l i c o n  a n d  d e s c r i b i n g  
w o r k  o n  b o t h  e p i t a x i a l  l a y e r s  a n d  t h i n  d i f f u s e d  f i l m s  a r e  i n c l u d e d  a s  
a n  A p p e n d i x .
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CHAPTER 2 THEORY OF COLLISIONS
2 . 1  G e n e r a l
A s  h i g h - e n e r g y  i o n s  p a s s  t h r o u g h  a  s o l i d  t h e y  l o s e  t h e i r  e n e r g y  
b y  c o l l i s i o n  p r o c e s s e s  w i t h  b o t h  t a r g e t  e l e c t r o n s  a n d  a t o m s .  B o h r  ( 3 ) 
s h o w e d  t h e o r e t i c a l l y  t h a t  t h e  m o s t  i m p o r t a n t  c r i t e r i a  d e t e r m i n i n g  
w h i c h  o f  t h e s e  p r o c e s s e s  w a s  d o m i n a n t  w a s  t h e  v e l o c i t y  o f  t h e  i o n .
A t  h i g h  v e l o c i t y  t h e  d o m i n a n t  e n e r g y - l o s s  p r o c e s s  i s  t h e  s o - c a l l e d  
e l e c t r o n i c - c o l l i s i o n  p r o c e s s e s  i n  w h i c h  e n e r g y  i s  i m p a r t e d  t o  t a r g e t  
e l e c t r o n s .  A s  t h e  v e l o c i t y  i s  r e d u c e d  t h e  d o m i n a n t  p r o c e s s  b e c o m e s  
t h a t  o f  t h e  s o - c a l l e d  n u c l e a r - c o l l i s i o n  p r o c e s s  i n  w h i c h  t h e  e n e r g y  
i s  i m p a r t e d  t o  i n d i v i d u a l  t a r g e t  a t o m s .  I n  t h i s  l a t t e r  c a s e ,  t h e  
c o l l i s i o n  p r o c e s s  m a y  b e  e l a s t i c  i n  n a t u r e  a n d  t h e  s t r u c k  a t o m  m a y  
b e  d i s p l a c e d  f r o m  i t s  p o s i t i o n  i n  t h e  l a t t i c e  w i t h  s u f f i c i e n t  e n e r g y  
i t s e l f  t o  d i s p l a c e  o t h e r s .  T h e  t h e o r y  w a s  l a t e r  d e v e l o p e d  b y  N i e l s e n  
( 1 9 )  a n d  L i n d h a r d  a n d  S c h a r f f  ( 2 0 )  a n d  w i t h  S c h i ^ t t  ( 2 1 )  a n d  a  s u m m a r y  
o f  t h e i r  c o n c l u s i o n s  i s  g i v e n  i n  t h e  r e m a i n i n g  p a r t  o f  t h i s  c h a p t e r .
2 . 2  S t o p p i n g  P r o c e s s e s
I n  t h e  e n e r g y  r e g i o n  o f  i n t e r e s t ,  i . e .  u p  t o  2 0 0  k e V ,  t h e r e  a r e  
t w o  c o m p e t i n g  e n e r g y - l o s s  p r o c e s s e s ?
a )  e l a s t i c  c o l l i s i o n s  b e t w e e n  t h e  i n c i d e n t  i o n  
a n d  t h e  t a r g e t  n u c l e i .
b )  e l e c t r o n i c  e x c i t a t i o n .
2 . 2 . 1  N u c l e a r  C o l l i s i o n s
I n c i d e n t  i o n s  m a y  b e  s c a t t e r e d  i n  t h e  s c r e e n e d  c o u l o m b  f i e l d s  
o f  t a r g e t  n u c l e i  a n d  t h e  m o m e n t u m  i m p a r t e d  t o  s t r u c k  a t o m s  m a y  b e  
s u f f i c i e n t  t o  c a u s e  l a t t i c e  a t o m  d i s p l a c e m e n t s .  T h e  s c a t t e r i n g  
c r o s s - s e c t i o n  f o r  n u c l e a r  c o l l i s i o n s  i s  l a r g e  f o r  l o w  i o n  v e l o c i t i e s
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a n d  t h e r e f o r e  n u c l e a r  s t o p p i n g  c a n  b e  e x p e c t e d  t o  b e  t h e  
d o m i n a n t  s t o p p i n g  p r o c e s s  n e a r  t h e  e n d  o f  t h e  i n c o m i n g  
i o n ' s  r a n g e  r e g a r d l e s s  o f  i t s  i n i t i a l  v e l o c i t y .
2 . 2 . 2  E l e c t r o n i c  E x c i t a t i o n
T h e  i n j e c t e d  i o n  m a y  l o s e  e n e r g y  b y  i o n i s i n g  o r  e x c i t i n g  
t a r g e t  e l e c t r o n s .  T h i s  p r o c e s s  i s  i m p o r t a n t  a t  t h e  h i g h e r  
e n e r g i e s  w h e r e  i n c i d e n t  i o n  a n d  t a r g e t  e l e c t r o n s  h a v e  s i m i l a r  
v e l o c i t i e s .  T h e r e f o r e  e l e c t r o n i c  s t o p p i n g  i s  m o s t  l i k e l y  t o  
b e  s i g n i f i c a n t  f o r  f a s t  m o v i n g  i o n s  d u r i n g  t h e  i n i t i a l  s l o w i n g  
d o w n .  H o w e v e r ,  e l e c t r o n i c  s t o p p i n g  s t i l l  o c c u r s  t o  a  l i m i t e d  
d e g r e e  e v e n  d o w n  t o  v e r y  l o w  v e l o c i t i e s .
2 . 3  R a n g e  C o n c e p t s
I t  i s  n e c e s s a r y  t o  d e f i n e  c e r t a i n  r a n g e  c o n c e p t s  a s  f o l l o w s  %
2 . 3 . 1  M e a n  R a n g e
A n  i o n  m o v i n g  t h r o u g h  a  s o l i d  s u f f e r s  a  s e r i e s  o f  c o l l i s i o n s  
w i t h  t a r g e t  a t o m s  w h i c h  r e s u l t s  i n  a  s e r i e s  o f  d e v i a t i o n s  i n  t h e  
f l i g h t  p a t h .  T h e s e  c o l l i s i o n s  m a y  b e  r a n d o m  i n  t h e  c a s e  o f  a n  
a m o r p h o u s  t a r g e t  o r  c o r r e l a t e d  s m a l l - a n g l e  c o l l i s i o n s  i f  t h e  
i n c i d e n t  i o n  i s  f i r e d  i n t o  a n  o p e n  c r y s t a l  d i r e c t i o n  a n d  
c h a n n e l l i n g  o c c u r s .  ( N o t e s  t h e  s p e c i a l  c a s e  o f  c h a n n e l l i n g  
a n d  t h e  l a r g e  i n c r e a s e  i n  r a n g e  p r o d u c e d  w i l l  n o t  b e  d i s c u s s e d  
h e r e ) .  T h e  t o t a l  r a n g e  i s  s i m p l y  d e f i n e d  a s  t h e  s u m  o f  t h e  
p a t h  l e n g t h s  b e t w e e n  s u b s e q u e n t  c o l l i s i o n s .  O w i n g  t o  t h e  
s t a t i s t i c a l  n a t u r e  o f  t h e  c o l l i s i o n  p r o c e s s e s  t h e r e  i s  a  s p r e a d  
i n  t h e  t o t a l  r a n g e s  a n d  a  m e a n  r a n g e ,  R ,  m a y  b e  d e f i n e d  w h i c h  
i s  a n  a r i t h m e t i c  a v e r a g e  o f  a l l  t h e  t o t a l  r a n g e s .
2 . 3 . 2  M e a n  P r o j e c t e d  R a n q s
I n  e x p e r i m e n t s  w h e r e  t h e  f i n a l  p o s i t i o n  o f  t h e  i m p l a n t e d  
i o n  i s  i m p o r t a n t ,  i t  i s  n o t  t h e  m e a n  r a n g e  w h i c h  i s  o f  i n t e r e s t  
b u t  t h e  d e p t h  n o r m a l  t o  t h e  s u r f a c e  p l a n e .  A  m e a n  p r o j e c t e d  
r a n g e ,  R p ,  m a y  t h e r e f o r e  b e  d e f i n e d  a s  t h e  m o s t  p r o b a b l e  d e p t h
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o f  p e n e t r a t i o n  ( t h e  d e p t h  o f  t h e  p e a k  i n  t h e  d i s t r i b u t i o n  o f  
i m p l a n t e d  i o n s )  n o r m a l  t o  t h e  s u r f a c e .
2 . 3 . 3  R a n g e  S t r a g g l i n g
I f  t h e  t a r g e t  m a t e r i a l  i s  a m o r p h o u s  s o  t h a t  t h e  s c a t t e r i n g  
i s  r a n d o m ,  L i n d h a r d  e t  a l  ( 2 0 ,  2 1 )  s h o w e d  t h a t  t h e  d i s t r i b u t i o n  
i n  r a n g e  a b o u t  t h e  m e a n  i s  a p p r o x i m a t e l y  G a u s s i a n  a n d  r a n g e  
s t r a g g l i n g  m a y  b e  d e s c r i b e d  i n  t e r m s  o f  t h e  u s u a l  s t a n d a r d  
d e v i a t i o n .  H o w e v e r ,  f o r  c r y s t a l l i n e  t a r g e t s  a s y m m e t r i c  
d i s t r i b u t i o n s  c a n  b e  e n c o u n t e r e d .
2 . 4  R a n g e  C a l c u l a t i o n s
2 . 4 . 1  I n t r o d u c t i o n
T h e  p r e c i s e  c a l c u l a t i o n  o f  r a n g e s  i s  i n h e r e n t l y  a  v e r y  
d i f f i c u l t  t a s k  b e c a u s e  m a n y  f a c t o r s  s u c h  a s  s c a t t e r i n g  f i e l d s  
a n d  c r y s t a l  s t r u c t u r e  e x e r t  a  c r i t i c a l  i n f l u e n c e  a n d  c a n n o t  
r e a d i l y  b e  e x p r e s s e d  i n  t e r m s  o f  m a n a g e a b l e  s i m p l e  m a t h e m a t i c a l  
f u n c t i o n s  a n d  h e n c e  s o m e  a p p r o x i m a t i o n  i s  n e c e s s a r y .  I t  i s  
u s u a l  t o  c o n s i d e r  r a n g e s  i n  a m o r p h o u s  t a r g e t  m a t e r i a l s  ( r a n d o m  
c o l l i s i o n s )  a n d  i t  c a n  b e  c o n t e n d e d  t h a t  t h i s  a p p r o x i m a t i o n  
i s  v a l i d  p a r t i c u l a r l y  f o r  h i g h  d o s e  i m p l a n t s  p r o v i d e d  t h a t  
t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  b e a m  d o e s  n o t  c o i n c i d e  w i t h  a  
g o o d  c h a n n e l l i n g  d i r e c t i o n .  H i g h  d o s e  i m p l a n t s  ( J ^ l O ^ / c m 2 ’ )  
h a v e  b e e n  r e p o r t e d  ( 2 2 ,  2 3 ,  2 4 )  a s  q u i c k l y  c a u s i n g  t h e  s u r f a c e  
l a y e r  o f  t h e  t a r g e t  t o  b e c o m e  a m o r p h o u s  a n d  t h e  p r e s e n c e  o f  
t h e  r a d i a t i o n  d a m a g e  c a n  b e  e x p e c t e d  t o  f a v o u r  t h e  r a n d o m  
s c a t t e r i n g  a p p r o x i m a t i o n .
B o t h  t h e  N i e l s e n  a n d  t h e  L i n d h a r d  a p p r o a c h e s  t r e a t  t h e  
i m p l a n t e d  m a t e r i a l  a s  a n  a m o r p h o u s  t a r g e t .  L i n d h a r d * s  t r e a t m e n t  
i s  b y  f a r  t h e  m o s t  c o m p l e t e  a n d  a c c u r a t e  i n  t h a t  t h e  e f f e c t s  o f  
v a r i o u s  s c a t t e r i n g  p o t e n t i a l s  a s  w e l l  a s  a  d i s c u s s i o n  o f  e l e c t r o n i c  
s t o p p i n g  a r e  i n c l u d e d  b u t  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  a  g r a p h i c a l  
f o r m  w h i c h  a r e  n o t  r e a d i l y  c o n v e r t i b l e  t o  a c t u a l  r a n g e  v a l u e s .
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N i e l s e n ' s  c a l c u l a t i o n s  o n  t h e  o t h e r  h a n d ,  a l t h o u g h  a p p l i c a b l e  
t o  a  m u c h  n a r r o w e r  r a n g e  o f  m a s s  a n d  c h a r g e  n u m b e r s  a s  w e l l  
a s  a  m o r e  l i m i t e d  e n e r g y  r a n g e ,  g i v e s  a  s t r a i g h t f o r w a r d  r a n g e  
e x p r e s s i o n .
2 . 4 . 2 .  T h e  L i n d h a r d  T h e o r y
L i n d h a r d  a n d  h i s  c o - w o r k e r s  e x t e n d e d  N i e l s e n ' s  i d e a s  t o  
i n c l u d e  t h e  m o r e  r e a l i s t i c  i n t e r  a t o m i c  p o t e n t i a l  d u e  t o  
T h o m a s  a n d  F e r m i  a s  w e l l  a s  c o r r e c t i o n s  f o r  e l e c t r o n i c  s t o p p i n g .  
T h e i r  r e s u l t s  a r e  e x p r e s s e d  i n  t e r m s  o f  t w o  d i m e n s i o n l e s s  
p a r a m e t e r s ?
£  a  $ 2  £
z , z a e
w h e r e  a  = 0 » 5 3 .  0 - 6 8 5 3 . 1 0 8  2 ^
z = (z,% +Z//3)
e  = e l e c t r o n i c  c h a r g e
N = d e n s i t y  o f  t a r g e t  s c a t t e r i n g  c e n t r e s
R  = m e a n  r a n g e
E  = i n c o m i n g  i o n  e n e r g y  ( i n  e r g s )
T h e  r a n g e s  a r e  t h e n  e x p r e s s e d  i n  t e r m s  o f  u n i v e r s a l  p l o t s .
T h e  c o n v e r s i o n  f a c t o r  t o  o b t a i n  p r o j e c t e d  r a n g e s  f r o m  m e a n  
r a n g e s  g i v e n  b y  L i n d h a r d  i s
/?« IHE
T h i s  f a c t o r  m a y  a l s o  b e  u s e d  i n  c o n j u n c t i o n  w i t h  a n  
e x p r e s s i o n  d e v e l o p e d  b y  N i e l s e n  t o  o b t a i n  r e l i a b l e  p r o j e c t e d  
r a n g e  v a l u e s  i n  c a s e s  w h e r e  e l e c t r o n i c  s t o p p i n g  i s  n o t  i m p o r t a n t .
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L i n d h a r d * s  c u r v e s  a l s o  s h o w  t h e  e f f e c t s  o f  e l e c t r o n i c  
s t o p p i n g  i n  t e r m s  o f  a n  e l e c t r o n i c  s t o p p i n g  c o n s t a n t ,  k ,  g i v e n  b y
k  =  £  0 - 0 7 * 3  2 ?  Z N  ( f i ,  + f)J /x
( z ?  + Z / 3) 3/*- ft? *  /J ?
jCT —7* ^
w h e r e  t h e  q u a n t i t y  c e  =  ^
T h e  q u a n t i t y  k  d e p e n d s  s o m e w h a t  o n  Z, ,  Z ^ ,  A ,  a n d  A ^  b u t  
i s  o f t e n  w i t h i n  0 ° 1 < k < 0 ° 2 .  O n l y  w h e n  Z ^ ^ Z j d o e s  k  a p p r e c i a b l y  
e x c e e d  0 ° 2 .  T h e  s i g n i f i c a n c e  o f  t h i s  i s  t h a t  i t  i m p l i e s  t h a t  
f o r  t a r g e t s  o f  h i g h - m a s s  n u m b e r  k  i s  v e r y  l a r g e  f o r  l o w - m a s s  
i n c o m i n g  i o n s  a n d  e l e c t r o n i c  s t o p p i n g  c a n  t h e r e f o r e  b e  s i g n i f i c a n t  
a t  q u i t e  l o w  e n e r g i e s  a n d  t h i s  i s  a  c o n s e q u e n c e  o f  t h e  l a r g e  
n u m b e r  o f  t a r g e t  e l e c t r o n s  a v a i l a b l e  f o r  e x c i t a t i o n  i n  s u c h  
t a r g e t s .  L i n d h a r d ’ s  c u r v e s  s h o w  t h a t  e l e c t r o n i c  s t o p p i n g  i s  
g r e a t e s t  w h e n  £  a s  w e l l  a s  k  i s  l a r g e .
A s  h a s  b e e n  p r e v i o u s l y  s t a t e d  L i n d h a r d  s h o w s  t h a t  t h e  
s p r e a d  i n  r a n g e  a b o u t  t h e  ' m e a n  a p p r o x i m a t e s  t o  a  G a u s s i a n  
d i s t r i b u t i o n .  T h e  e q u a t i o n  f o r  t h e  s p r e a d  i n  r a n g e  m a y  b e  
w r i t t e n  i n  t h e  f o r m :
R  -  - [ ? ( * -  % p ) a]
w h e r e  R p  i s  t h e  m e a n  p r o j e c t e d  r a n g e .
A c c o r d i n g  t o  L i n d h a r d ,  t h e  e x p r e s s i o n  f o r  t h e  s p r e a d  w h e n  
n u c l e a r  s t o p p i n g  d o m i n a t e s  i s :
< a r * >  »  £ 8 i £ ±  .
w h e r e  =  A *
T h i s  e x p r e s s i o n  i s  n o r m a l i s e d  s o  t h a t  t h e  a r e a  u n d e r  t h e  
c u r v e  i s  u n i t y .  T h e  e q u a t i o n  m a y  t h e r e f o r e  b e  r e a d i l y  m u l t i p l i e d  
b y  a n  a p p r o p r i a t e  f a c t o r  t o  m a k e  t h e  a r e a  u n d e r  t h e  c u r v e  B q u a l  
t o  t h e  p a r t i c u l a r  t o t a l  i o n  d o s e  o f  i n t e r e s t .
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I f  t h e  e l e c t r o n i c  s t o p p i n g  i s  s i g n i f i c a n t  o v e r  t h e  f i r s t  
p a r t  o f  t h e  r a n g e ,  t h e  e x p r e s s i o n  f o r  s t r a g g l i n g  m u s t  b e  
m o d i f i e d  b e c a u s e  e l e c t r o n i c  s t o p p i n g  a l o n e  ( w h i c h  i n  L i n d h a r d ! s  
a p p r o x i m a t i o n  i s  a s s u m e d  c o n t i n u o u s  a l o n g  t h e  p a t h  l e n g t h )  w o u l d  
g i v e  o n l y  a  s m a l l  s t r a g g l e .  W i t h  a  c o m b i n a t i o n  o f  e l e c t r o n i c  
a n d  n u c l e a r  s t o p p i n g ,  t h e  s t r a g g l i n g  i s  e s s e n t i a l l y  d e t e r m i n e d  
b y  t h e  n u c l e a r  c o l l i s i o n s  o c c u r r i n g  n e a r  t h e  e n d  o f  t h e  f l i g h t  
p a t h .  T h i s  m e a n s  t h a t  t h e  s t r a g g l i n g ,  e x p r e s s e d  a s  a  f r a c t i o n  
o f  t h e  m e a n  r a n g e ,  i s  s m a l l e r  i n  c a s e s  w h e r e  e l e c t r o n i c  s t o p p i n g  
i s  s i g n i f i c a n t  t h a n  t h a t  p r e d i c t e d  b y  t h e  e x p r e s s i o n  g i v e n .
I f  t h e  t a r g e t  s p u t t e r i n g  r a t i o , S ,  i s  l a r g e  t h e  i m p l a n t e d  
p r o f i l e  w i l l  b e  m o d i f i e d  b y  t h e  c o n t i n u a l  r e m o v a l  o f  t h e  s u r f a c e .
T h e  c o n c e n t r a t i o n  w i l l  t h e n  h a v e  a  c o n s t a n t  v a l u e  n e a r  t h e  
s u r f a c e  a n d  w i l l  o n l y  b e  G a u s s i a n  b e y o n d  t h e  m e a n  r a n g e .  T h e  
m a x i m u m  a v e r a g e  i m p u r i t y  c o n c e n t r a t i o n  ( a s s u m i n g  a  s t e p  
d i s t r i b u t i o n )  t h a t  g a n  b e  b u i l t  u p  i s  t h e n  J? .
2 . 4 . 3  E f f e c t  o f  T h e r m a l  D i f f u s i o n
O f t e n  t h e  i m p l a n t e d  t a r g e t  m a t e r i a l  h a s  t o  b e  a n n e a l e d  t o  
r e m o v e  r a d i a t i o n  d a m a g e  a n d ,  i n  t h e  c a s e  o f  s e m i c o n d u c t o r s ,  t o  
m o v e  d o n o r  o r  a c c e p t o r  i m p u r i t i e s  f r o m  i n t e r s t i t i a l  t o  s u b s t i t u t i o n a l  
l a t t i c e  p o s i t i o n s .  I f  t h e  a n n e a l i n g  t e m p e r a t u r e  i s  h i g h ,  t h e  
i m p l a n t e d  i m p u r i t y  p r o f i l e  m a y  b e  a l t e r e d  b y  t h e r m a l  d i f f u s i o n .
T h e  r e d i s t r i b u t i o n  o f  t h e  G a u s s i a n  i m p l a n t e d  p r o f i l e  c o u l d  b e  
c a l c u l a t e d  u s i n g  t h e  n o r m a l  d i f f u s i o n  e q u a t i o n s  f o r  a  l i m i t e d  
s o u r c e  i f  t h e  d i f f u s i o n  c o e f f i c i e n t ,  D ,  i s  k n o w n .  I f  t h e  i n i t i a l  
p r o f i l e  i s *  s h a r p  i t  c o u l d  r e a s o n a b l y  b e  r e p r e s e n t e d  b y  a n  
i n f i n i t e s i m a l l y  t h i n  l a y e r  s o u r c e  a t  d e p t h  R p  o f  c o n c e n t r a t i o n  
g i v e n  b y  t h e  i o n  d o s e .  A l t e r n a t i v e l y  f o r  m o r e  a c c u r a t e  r e s u l t s ,  
t h e  p r o b l e m  m a y  b e  l i k e n e d  t o  t h e  c a s e  o f  a  d o u b l e  t h e r m a l  
d i f f u s i o n , . t h e  s o l u t i o n s  o f  w h i c h  h a v e  b e e n  c o n v e n i e n t l y  t a b u l a t e d  
i n  t h e  l i t e r a t u r e  ( 2 5 ) .  A n  e f f e c t i v e  / 5 t  ( w h e r e  t  i s  t h e  d i f f u s i o n  
t i m e )  c a n  b e  o b t a i n e d  w h i c h  w i l l  g i v e  a  s p r e a d  ( b e y o n d  t h e  m e a n
17
r a n g e )  s i m i l a r  t o  t h a t  o f  t h e  i m p l a n t e d  p r o f i l e  a n d  t h i s  c o u l d  
b e  s u b s t i t u t e d  t o g e t h e r  w i t h  t h e  k n o w n  \ fo t  o f  t h e  t h e r m a l  
d i f f u s i o n  i n t o  t h e  s t a n d a r d  e q u a t i o n s .  U n f o r t u n a t e l y ,  i t  i s  
p o s s i b l e  t h a t  t h e  d i f f u s i o n  m a y ,  h o w e v e r ,  b e  e n h a n c e d  b y  r a d i a t i o n  
d a m a g e  p a r t i c u l a r l y  f o r  i m p l a n t a t i o n s  c a r r i e d  o u t  a t  e l e v a t e d  
t a r g e t  t e m p e r a t u r e s .  I n  v i e w  o f  t h i s  u n c e r t a i n t y  t h e  v a l u e s  o f  
a n y  t h e r m a l  d i f f u s i o n  c a l c u l a t i o n s  a r e  s u s p e c t .
2 . 5  R a n g e s  i n  G e r m a n i u m
D u e  t o  t h e  d i f f i c u l t y  o f  m a n i p u l a t i o n  o f  t h e  L i n d h a r d  e x p r e s s i o n s ,  
a  c o m p u t e r  p r o g r a m m e  w a s  f o r m u l a t e d  a t  A . W . R . E .  a n d  A p p e n d i x  I I  g i v e s  
d e t a i l s  o f  t h e  c o m p u t e d  v a l u e s  o f  t h e  m e a n  r a n g e ,  R ,  m e a n  p r o j e c t e d  
r a n g e ,  R p ,  a n d  a p p r o x i m a t e  s t r a g g l e  f o r  a  s e l e c t i o n  o f  i o n s  o f  i n t e r e s t  
i n  g e r m a n i u m .
2 . 6  C h a n n e l l i n g  P h e n o m e n a
T h e  t h e o r i e s  o f  b o t h  N i e l s e n  a n d  L i n d h a r d  a s s u m e  t h a t  t h e  t a r g e t  
m a t e r i a l  c a n  b e  r e g a r d e d  a s  a m o r p h o u s .  H o w e v e r  a s  e a r l y  a s  1 9 6 3  
c o m p u t e r  s t u d i e s  ( 2 7 ,  2 8 )  p r e d i c t e d  t h a t  h e a v y  i o n s  o f  k e\l e n e r g i e s  
w o u l d  p e n e t r a t e  t o  a n o m a l o u s l y  l a r g e  d e p t h s  a l o n g  l o w  i n d e x  c r y s t a l l o -  
g r a p h i c  d i r e c t i o n s .  S u b s e q u e n t l y ,  t h e  c h a n n e l l i n g  e f f e c t  o f  h e a v y  i o n s  
w a s  d e m o n s t r a t e d  b y  m a n y  w o r k e r s  ( 2 9 ,  3 0 ,  3 1 ,  3 2 ,  3 3 ,  3 4 ) .
T h e  g e n e r a l  p r i n c i p l e  o f  c h a n n e l l i n g  i s  b a s e d  o n  t h e  f a c t  t h a t  
a n  e n e r g e t i c  c h a r g e d  p a r t i c l e  m o v i n g  t h r o u g h  a  c r y s t a l  l a t t i c e  w i t h i n  
a  p r e d i c t a b l e  ( 3 5 )  a n g l e  ^  o f  a n  a t o m i c  r o w  i s  s t e e r e d  b y  s u c c e s s i v e  
g e n t l e  c o l l i s i o n s  a n d  i s  t h e r e b y  p r o h i b i t e d  f r o m  e n t e r i n g  a  f o r b i d d e n  
r e g i o n  a r o u n d  e a c h  l a t t i c e  r o w .  P a r t i c l e s  w i t h  t h i s  t r a j e c t o r y  a r e  
p r o h i b i t e d  f r o m  n u c l e a r  i n t e r a c t i o n s  a n d  c o n s e q u e n t l y  l o s e  t h e i r  e n e r g y  
i n  e l e c t r o n i c  s t o p p i n g  i n t e r a c t i o n s  o n l y .  W h e n  t h e  i n c i d e n t  a n g l e  i s  
m u c h  l a r g e r  t h a n  ,  t h e  i o n s  h a v e  a  r a n d o m  t r a j e c t o r y  a n d  b o t h  
n u c l e a r  a n d  e l e c t r o n i c  s t o p p i n g  p r o c e s s e s  a r e  i m p o r t a n t  a n d  t h e  i o n  
r a n g e  i s  d e t e r m i n e d  f r o m  t h e  a m o r p h o u s - r a n g e  e n e r g y  c u r v e .
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The critical angle for channelling is given by
® crit
w h e r e Z f a n d  a r e  t h e  a t o m i c  n u m b e r s  o f  t h B  i o n
a n d  s u b s t r a t e
E  i s  t h e  i o n  e n e r g y
d  i s  t h e  l a t t i c e  s p a c i n g  a l o n g  t h e  r o w .
3 . 1  E l e c t r i c a l  C o n d u c t i o n  M e c h a n i s m s
CHAPTER 3 ELECTRICAL PROPERTIES OF SEMICONDUCTORS
3 . 1 . 1  E x t r i n s i c  C o n d u c t i o n
E x t r i n s i c  c o n d u c t i o n  i n  s e m i c o n d u c t o r s  a r i s e s  f r o m  t h e  
p r e s e n c e  o f  v e r y  s m a l l  a m o u n t s  o f  i m p u r i t i e s  i n  t h e  l a t t i c e .
I n  g e n e r a l  i t  h a s  b e e n  c o n s i d e r e d  t h a t  i m p u r i t y  a t o m s  h a v e  t o  
o c c u p y  s u b s t i t u t i o n a l  l a t t i c e  s i t e s  i n  o r d e r  t o  h a v e  a n  
e l e c t r i c a l  e f f e c t  b u t  i t  i s  n o w  t h o u g h t  t h a t  s o m e  i m p u r i t i e s  
i . e .  L i t h i u m ,  d e m o n s t r a t e  e l e c t r i c a l  e f f e c t s  i n  i n t e r s t i t i a l  
p o s i t i o n s  ( s e e  s e c t i o n  4 . 2 . 2 ) .
I n  p r a c t i c e ,  s e m i c o n d u c t o r s  c o n t a i n  b o t h  d o n o r  a n d  a c c e p t o r  
i m p u r i t i e s  a n d  i f  t h e  e l e c t r o n  c a r r i e r  c o n c e n t r a t i o n ,  n ,  i s  
g r e a t e r  t h a n  t h e  h o l e  c a r r i e r  c o n c e n t r a t i o n ,  p ,  t h e  s e m i c o n d u c t o r  
i s  t e r m e d  n - t y p e  ( o r  v i c e  v e r s a  f o r  p - t y p e ) .
3 . 1 . 2  C o m p e n s a t i o n
I f  t h e  n e t t  n u m b e r  o f  d o n o r s  i s  e q u a l  t o  t h e  n e t t  n u m b e r  o f
a c c e p t o r s ,  t h e  s e m i c o n d u c t o r  i s  s a i d  t o  b e  e x a c t l y  c o m p e n s a t e d .
O b v i o u s l y  d i f f e r e n t  d e g r e e s  o f  c o m p e n s a t i o n  a r e  p o s s i b l e  a n d
t h e r e f o r e  t h e  t e r m  c o m p e n s a t i o n  r e f e r s  t o  t h e  r e d u c t i o n  o f  n e t t
c a r r i e r  c o n c e n t r a t i o n  b y  t h e  c o n t r o l l e d  i n t r o d u c t i o n  o f  i m p u r i t i e s .
A t  r o o m  t e m p e r a t u r e  t h e  n e t t  n u m b e r  j n - p j  o f  e x t r i n s i c  c a r r i e r s
12 lb ,
c o n t r o l l i n g  t h e  c o n d u c t i v i t y  m a y  b e  t y p i c a l l y  1 0  t o  1 0  / c c .
T h e  l a t t i c e  m a y  a l s o  c o n t a i n  l a r g e  q u a n t i t i e s  o f  o t h e r  i m p u r i t i e s  
,  /s .
( e . g .  1 0  / c c  o f  0 ^  o r  C )  w h i c h  h a v e  n o  e l e c t r i c a l  e f f e c t  a n d  i t  
i s  a l s o  p o s s i b l e  t h r o u g h  e x a c t  c o m p e n s a t i o n  ( o r  m o r B  u s u a l l y  
t h r o u g h  a  h i g h  c o n c e n t r a t i o n  o f  t r a p p i n g  c e n t r e s )  f o r  a  s p e c i m e n  
t o  r e a c h  t h e  i n t r i n s i c  v a l u e  o f  c o n d u c t i v i t y  w i t h o u t  t h e  c o n d u c t i o n  
m e c h a n i s m  b e i n g  e x c l u s i v e l y  i n t r i n s i c .
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d e n s i t i e s ,  i m p u r i t i e s  a r e  a l w a y s  f u l l y  i o n i s e d  s i n c e  a c c e p t o r
a n d  d o n o r  l e v e l s  n o r m a l l y  l i e  a t  l e a s t  3  k T  a w a y  f r o m  t h e  F e r m i
l e v e l  ( s e e  d i s c u s s i o n  o n  d e g e n e r a c y  i n  S e c t i o n  3 . 2 . 4 ) .
T h u s  e x t r i n s i c  c a r r i e r  c o n c e n t r a t i o n s  n  a n d  p  a r e  d e t e r m i n e d
■f* .
b y  t h e  n e t t  n u m b e r  o f  i o n i s e d  d o n o r s  ( n o t e  n f  i f  s o m e  
e l e c t r o n s  g e t  t r a p p e d  i n  o t h e r  l e v e l s )  a n d  i o n i s e d  a c c e p t o r s  N &  . 
T h e  t e m p e r a t u r e  r a n g e  w h e r e  a l l  t h e  i m p u r i t y  l e v e l s  a r e  i o n i s e d  
( b u t  w h e r e  t h e  t e m p e r a t u r e  i s  n o t  y e t  h i g h  e n o u g h  f o r  i n t r i n s i c  
c o n d u c t i o n  t o  b e  a p p r e c i a b l e )  i s  t h e  ' e x h a u s t i o n 1 t e m p e r a t u r e  
r a n g e  a n d  i s  u s u a l l y  n o t  f a r  f r o m  r o o m  t e m p e r a t u r e .  I n  t h i s  
t e m p e r a t u r e  r a n g e ,  i m p u r i t y  c o n d u c t i o n  d o m i n a t e s  b u t  i n t r i n s i c  
c o n d u c t i o n  w i l l  a l w a y s  t a k e  o v e r  a t  s u f f i c i e n t l y  h i g h  t e m p e r a t u r e s  
s i m p l y  b e c a u s e  t h e r e  a r e  m o r e  e l e c t r o n s  i n  t h e  v a l e n c e  b a n d  t h a n  
t h e r e  a r e  i m p u r i t y  a t o m s .
3 . 2  A p p l i c a t i o n  o f  F e r m i - D i r a c  S t a t i s t i c s  t o  t h e  D e r i v a t i o n  
o f  E x p r e s s i o n s  f o r  E q u i l i b r i u m  C a r r i e r  C o n c e n t r a t i o n
3 . 2 . 1  F e r m i  d i s t r i b u t i o n  i n  a  m e t a l
T h e  c a r r i e r s  i n  a  s e m i c o n d u c t o r  a r e  i n d i s t i n g u i s h a b l e  f r o m
o n e  a n o t h e r  a n d  o b e y  t h e  P a u l i  e x c l u s i o n  p r i n c i p l e .  U s i n g  F e r m i -
D i r a c  s t a t i s t i c s  i n  w h i c h  t h e  p r o b a b i l i t y  P ( E )  t h a t  a  d i s c r e t e
a n d  n o n - d e g e n e r a t e  s t a t e  a t  e n e r g y  E  i s  o c c u p i e d  i s  g i v e n  b y  t h e
F e r m i  d i s t r i b u t i o n s
Usually, except at very low temperatures and for very high
I + e x p
'  k T
w h e r e  £ p  i s  t h e  F e r m i  l e v e l .
T h e  n u m b e r  o f  e l e c t r o n s  b e t w e e n  E  a n d  E  + d E  i s  e q u a l  t o  t h e  
d e n s i t y  o f  s t a t e s  b e t w e e n  E  a n d  E  + d E  t i m e s  t h e  p r o b a b i l i t y  o f  
o c c u p y i n g  t h i s  s t a t e s ,  P ( E )
i . e .  n ( E )  d E  = D ( E )  P ( E )  d E
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F o r  m e t a l s  t h e  q u a n t u m  m e c h a n i c a l  d e r i v a t i o n  o f  t h e  d e n s i t y  
o f  s t a t e s  g i v e s
d (e) = p n r  f a «*)%J e & m CEf i
*  h *w h e r e  m i s  t h e  e f f e c t i v e  m a s s  T a ±TT
a n d  w h B r e  k  = - E A L T - J Q 3T
h
T h e r e f o r e  a t  T  = 0 ,  f o r  a  m e t a l
f - BF0
n-  Z J  2>(e). P(e) cL e
:=. £  C J  E ^  cLB} s in ce . P ( E )  =  /
o
H e n c e  f o r  a  m e t a l ,  t h e  s i m p l e  e x p r e s s i o n
p - i '£*)(■&?^
3 . 2 . 2  F o r  a n  i n t r i n s i c  s e m i c o n d u c t o r  i n  e q u i l i b r i u m
T h e r e  w i l l  b e  n o  f r e e  e l e c t r o n s  o r  h o l e s  a t  a b s o l u t e  z e r o  
b u t  a t  h i g h e r  t e m p e r a t u r e s  s o m e  e l e c t r o n s  w i l l  b e  a c t i v a t e d  i n t o  
t h e  c o n d u c t i o n  b a n d  a n d  e q u i l i b r i u m  i s  e s t a b l i s h e d  w h e n  t h e  r a t e  
a t  w h i c h  p o s i t i v e  h o l e s  a r e  c r e a t e d  i s  e q u a l  t e  t h e  r a t e  a t  w h i c h  
t h e y  a r e  a n n i h i l a t e d  b y  ' c o l l i s i o n '  w i t h  f r s s  e l e c t r o n s .  T h e  
c o n c e n t r a t i o n  o f  f r e e  e l e c t r o n s ,  Til , a n d  h o l e s ,  f i l  ,  i s  t h e n  a g a i n  
g i v e n  b y  a  F e r m i  d i s t r i b u t i o n .
N e a r  t h e  b a n d  e d g e s ,  f o r  t h e  d e n s i t y  o f  l e v e l s  i n  t h e  
c o n d u c t i o n  b a n d
Dc (E )  =  jzrr  ( 2 r t f i f r / h 3]
w h e r e  E c  i s  t h e  e n e r g y  l e v e l  o f  t h e  c o n d u c t i o n  b a n d ,  
a n d  f o r  t h e  h o l e  s t a t e s  i n  t h e  v a l e n c e  b a n d
where Eyis the energy level of the valence band.
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T h e  p r o b a b i l i t y ,  P ( E ) ,  o f  o c c u p a t i o n  w i l l  b e  P ( E )  a n d  
G  -  p ( e ) 3  r e s p e c t i v e l y .
oo
/ .  V i  ^  p i  ^  z  J  D c  ( e )  . P ( e )  <LE
'£c
•00
co
z f  D V ( E )  l i - P ( e ) - ]  c L E
: .« ) * /  <Vf f  Y .-fl* <f
£  i H x r f i j g 'j  R e x p ^ c ^ j j
I f  t h e  g a p  w i d t h ,  E a  -  E y ,  i s  l a r g e  t h e n  t h e  u n i t y  t e r m  
i n  t h e  d e n o m i n a t o r  c a n  b e  i g n o r e d  a n d
Ef -  t ( £ c  + i  k T  U3 ( % g f *
a n d  a t  0 ° K ,
EP = ± ( e C + Ev)
F o r  t h e  i n t r i n s i c  c o n d i t i o n  t h e  p o s i t i o n  o f  d o e s  n o t  
d i f f e r  a p p r e c i a b l y  f r o m  t h i s  e v e n  a t  h i g h  t e m p e r a t u r e s .
B y  u s i n g  t h e  s a m e  a p p r o x i m a t i o n s  a n d  t h e  v a l u e  T T  
f o r  t h e  i n t e g r a l
f° ( E  - £ c  f*  c i . { £ - e c )
o
t h e  v a l u e s  o f  V i  a n d  p i  c a n  b e  e x p r e s s e d  a s  ^
m i = p c = z f f r r  ( m ff*  (■.ex/?/~
H e n c e ,  V i  a n d  p i  i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  
b y  v i r t u e  o f  t h e  e x p o n e n t i a l  t e r m .  T h i s  t e r m  a l s o  e n a b l e s  t h e  g a p  
w i d t h ,  E^_ -  E  ^  ,  t o  b e  d e t e r m i n e d  f r o m  p l o t s  o f  <S“/ ^  .
— £ \ /  -f& 4’ C?<g. — 0 * ^ 7
3 . 2 . 3  F o r  a n  e x t r i n s i c  s e m i c o n d u c t o r  ( n o t  d e g e n e r a t e )
I f  t h e  p o s i t i o n  o f  t h e  F e r m i  l e v e l  r e l a t i v e  t o  t h e  b a n d  
s t r u c t u r e  o f  t h e  s e m i c o n d u c t o r  i s  k n o w n ,  t h e  c a r r i e r  c o n c e n t r a t i o n  
c a n  b e  c a l c u l a t e d .  U s i n g  t h e  s a m e  a n a l y s i s  a s  f o r  i n t r i n s i c  
s e m i c o n d u c t o r s  w i t h  t h e  s a m e  a s s u m p t i o n s  ( E ^  -  E y  l a r g e  a n d
2 3
b a n d s  w i d e r  t h a n  k T )  l e a d s  t o
n  =  z (z t t  T n J
=  A/c  e x p
f o r  c o n c e n t r a t i o n  o f  e l e c t r o n s  i n  t h e  c o n d u c t i o n  b a n d  
a n d
f o r  c o n c e n t r a t i o n  o f  h o l e s  i n  t h e  v a l e n c e  b a n d .
T h e s e  c o n c e n t r a t i o n s  a r e  c o n t r o l l e d  b y  E p - w h i c h  i s  f i x e d  
b y  a l l  t h e  l e v e l s  i n  t h e  g a p ,  t h e  r e l a t i v e  o c c u p a n c i e s  o f  t h e s e  
l e v e l s  a n d  b y  t h e  t e m p e r a t u r e .
71 ~  A fc +■ p
KJ +
o r  7 ? —  '  i f  t h e  i n t r i n s i c  c a r r i e r s
c a n  b e  i g n o r e d .
N c  a n d  N y  a r e  t h e  e f f e c t i v e  d e n s i t y  o f  s t a t e s ,  i . e .  t h e
e f f e c t i v e  c o n c e n t r a t i o n s  o f  a v a i l a b l e  e l e c t r o n i c  s t a t e s  i n  t h e
c o n d u c t i o n  b a n d  a n d  t h e  v a l e n c e  b a n d  r e s p e c t i v e l y .
n p  — N c  N v  e x p  j r
a n d  i n  t h e  s p e c i a l  c a s e  7 ? =  7 ? /  ^  Tip
!n p  -  V i
i . e .  t h e  p r o d u c t  o f  t h e  e q u i l i b r i u m  e l e c t r o n  a n d  h o l e  c o n c e n t r a t i o n  
i s  a  c o n s t a n t  f o r  a  g i v e n  s e m i c o n d u c t o r  a t  a n y  p a r t i c u l a r  t e m p e r a t u r e .  
T h i s  r e l a t i o n  i s  g e n e r a l  a n d  d o e s  n o t  d e p e n d  o n  a n y  a s s u m p t i o n  
c o n c e r n i n g  t h e  r e l a t i v e  c o n c e n t r a t i o n  o f  a c c e p t o r s  o r  d o n o r s  o r  
t h e i r  e n e r g y  l e v e l s  E a ,  E d .
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I t  i s  o f t e n  a s s u m e d  t h a t  a l l  t h e  d o n o r s  o r  a c c e p t o r s  w i l l  
b e  i o n i s e d  a n d  t h e r e f o r e  t h e  n u m b e r  o f  c a r r i e r s  w i l l  e q u a l  t h e  
n u m b e r  o f  ' a c t i v e '  d o p a n t  a t o m s .  H o w e v e r ,  i n  c o n d i t i o n s  o f  
v e r y  h i g h l y - d o p e d  l a y e r s  w h i c h  c a n  b e  p r o d u c e d  b y  i o n  i m p l a n t a t i o n  
t h e  a s s u m p t i o n  o f  t o t a l  i o n i s a t i o n  m a y  n o t  h o l d .  M o r e o v e r  a t  h i g h  
d o p a n t  c o n c e n t r a t i o n s  t h e  F e r m i  l e v e l  c a n  l i e  w i t h i n  3 k T  o f  e i t h e r  
t h e  c o n d u c t i o n  b a n d  o r  t h e  v a l e n c e  b a n d  a n d  t h e  s e m i c o n d u c t o r  
b e c o m e s  d e g e n e r a t e .  I n  t h e s e  c o n d i t i o n s  t h e  s i m p l e  M a x w e l l -  
B o l t z m a n n  e q u a t i o n s  c a n n o t  b e  u s e d  a n d  t h e  f u l l  F B r m i - D i r a c  
s t a t i s t i c s  m u s t  b e  a p p l i e d .
T h e  n u m b e r  o f  d o n o r  s t a t e s  w h i c h  a r e  u n o c c u p i e d  b y  e l e c t r o n s  
( i . e .  i o n i s e d ) ,  IM^ ? i s  g i v e n  b y
3.2.4 For an extrinsic semiconductor (degenerate)
T h e  n u m b e r  o f  c o n d u c t i o n  e l e c t r o n s ,  n ,  w i l l  b e  t h e  s u m  o f  
t h e  i o n i s e d  d o n o r s ,  ,  a n d  t h e  i n t r i n s i c  c a r r i e r s ,  p ;
- 1
w h e r e  Ep  i s  t h e  F e r m i  l e v e l ,
i s  t h e  d o n o r  e n e r g y  l e v e l
Nj> i s  t h e  d o n o r  c o n c e n t r a t i o n / c m
oo
w h e r e  g ( E )  i s  t h e  d e n s i t y  o f  s t a t e s  f u n c t i o n  
f o r  t h e  c o n d u c t i o n  b a n d
a n d  E c  i s  t h e  e n e r g y  c o r r e s p o n d i n g  t o  t h e  
b o t t o m  o f  t h e  ‘ c o n d u c t i o n  b a n d .
I n  t h e  n o n - d e g e n e r a t e  r e g i o n  E c - E F > 3 k T  a n d  t h e r e f o r e
a n d  t h e  i n t e g r a l  c a n  b e  s o l v e d  a n a l y t i c a l l y .
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H o w e v e r ,  i n  t h e  d e g e n e r a t e  r e g i o n  t h e  f u l l  F e r m i  f u n c t i o n  m u s t  
b e  u s e d  a n d  t h e  i n t e g r a l  c a n  o n l y  b e  s o l v e d  b y  n u m e r i c a l  m e t h o d s .
A t  A . W . R . E . ,  S t e v e n s  a n d  T i n s l e y  ( 7 4 )  d e v e l o p e d  a  c o m p u t e r  
p r o g r a m m e  t o  d e t e r m i n e  N j ,  f o r  a n y  v a l u e  o f  ,  T  a n d  E ^ .  I t  
i s  t h e n  p o s s i b l e  t o  u s e  Ep a s  a  p a r a m e t e r  a n d  p l o t '  N ^  a g a i n s t
f o r  g i v e n  v a l u e s  o f  T  a n d  F i g u r e  3 . 1  s h o w s  a g a i n s t
•+ o
N j ,  f o r  G a  o r  I n  i n  g e r m a n i u m  a t  1 0 0  K .  I t  c a n  b e  s e e n  t h a t  a t
17 -3  +
i m p u r i t y  c o n c e n t r a t i o n s  a b o v e  1 0  c m  t h e  r a t i o  o f  N j ,  t o  N jj,
c a n  b e c o m e  v e r y  l a r g e .
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F I G U R E  3 . 1  P l o t  o f  i m p u r i t y  c o n c e n t r a t i o n  v e r s u s
c a r r i e r  c o n c e n t r a t i o n  f o r  h i g h  
c o n c e n t r a t i o n s
T h e  e f f e c t  o f  i n c o m p l e t e  i o n i s a t i o n :  
t h e  s o l i d  l i n e  i s  c a l c u l a t e d  i n  t h e  
d e g e n e r a t e  r e g i o n  f o r  G a  o r  I n  i n  G e  
a t  1 0 0  K  ; t h e  b r o k e n  l i n e  r e p r e s e n t s  
% i o n i s a t i o n . 27
CHAPTER 4 MEASUREMENT TECHNIQUES
4 . 1  I n t r o d u c t i o n
T h e  d o p i n g  o f  s e m i c o n d u c t o r  m a t e r i a l  b y  i o n - i m p l a n t a t i o n  h a s  
r e c e i v e d  w i d e s p r e a d  a t t e n t i o n  i n  ' r e c e n t  y e a r s .  B y  i o n - i m p l a n t a t i o n ,  
a  v e r y  w i d e  r a n g e  o f  d o p a n t s ,  m a n y  o f  w h i c h  c a n n o t  b e  t h e r m a l l y  d i f f u s e d ,  
c a n  b e  i n t r o d u c e d  i n t o  t h e  s e m i c o n d u c t o r  m a t e r i a l .  T h e  p r o c e s s  d o e s  
n o t  r e q u i r e  t h e  h i g h  t e m p e r a t u r e s  o f  t h e r m a l  d i f f u s i o n  a n d  t h u s  t h e  
n u m b e r  o f  u n w a n t e d  i m p u r i t i e s  e n t e r i n g  t h e  c r y s t a l  i s  l i m i t e d .  C o m p o u n d  
s e m i c o n d u c t o r s  s u c h  a s  g a l l i u m  a r s e n i d e  c a n  b e  d o p e d  w i t h o u t  u p s e t t i n g  
t h e i r  s t o i c h i o m e t r y .  B o t h  t h e  p r o f i l e  o f  t h e  i m p l a n t e d  i o n s  a n d  t h e  
d e p t h  o f  p e n e t r a t i o n  c a n  b e  m o d i f i e d  b y  t h e  e n e r g y  o f  t h e  i o n s  a n d  
t h e  o r i e n t a t i o n  o f  t h e  i o n  b e a m  t o  t h e  c r y s t a l  a x i s .  L a t e r a l  s p r e a d i n g  
c a n  b e  a v o i d e d  a n d  t h e  d o p i n g  l e v e l  c a n  b e  c o n t r o l l e d .  I t s  p o t e n t i a l  
a d v a n t a g e s ,  h o w e v e r ,  a r e  o f t e n  o u t w e i g h e d  b y  u n d e s i r a b l e  r a d i a t i o n -  
d a m a g e  e f f e c t s  a r i s i n g  f r o m  t h e  h e a v i l y - d i s o r d e d  r e g i o n  a r o u n d  t h e  
t r a c k  o f  t h e  p a r t i c l e .  F u r t h e r ,  b e c a u s e  o f  t h e  n o n - e q u i l i b r i u m  n a t u r e  
o f  t h e  i m p l a n t a t i o n  p r o c e s s ,  t h e  r e l a t i v e  n u m b e r  o f  i m p u r i t i e s  o n  
s u b s t i t u t i o n a l  a n d  i n t e r s t i t i a l  s i t e s  m a y  d i f f e r  f r o m  t h a t  o b s e r v e d  
f o l l o w i n g  c o n v e n t i o n a l  t h e r m a l  d i f f u s i o n  ( 1 7 ) .  I t  i s  t h e r e f o r e  e s s e n t i a l  
n o t  o n l y  t e  s e e k  m e t h o d s  o f  m i n i m i s i n g  t h e  e f f e c t s  o f  r a d i a t i o n  d a m a g e  
b u t  a l s o  t o  a s c e r t a i n  t h e  f i n a l  p o s i t i o n  o f  t h e  i m p u r i t y  p a r t i c l e  a n d  
i t s  r e l a t e d  e l e c t r i c a l  e f f e c t  a n d  t o  d e t e r m i n e  t h e  p e r c e n t a g e  o f  p a r t i c l e s  
w h i c h  b e c o m e  e l e c t r i c a l l y  a c t i v e .
4 . 2  R u t h e r f o r d  S c a t t e r i n g  T e c h n i q u e s
4 . 2 . 1  G e n e r a l  T h e o r y
I t  w a s  f i r s t  d e m o n s t r a t e d  i n  1 9 6 5  ( 3 7 )  t h a t  p r o t o n s  a n d  H e  
p a r t i c l e s  o f  M e V  e n e r g i e s  c o u l d  b e  s t e e r e d  t h r o u g h  t h e  l a t t i c e  b y
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t h e  c h a n n e l l i n g  p h e n o m e n a  ( S e c t i o n  2 . 6 ) .  T h e  r a d i u s  o f  t h e  
d i s t a n c e  o f  c l o s e s t  a p p r o a c h  t o  e a c h  l a t t i c e  r o w  ( t h e  f o r b i d d e n  
r e g i o n )  i s  a p p r o x i m a t e l y  t h e  T h o m a s - F e r m i  s c r e e n i n g  d i s t a n c e ,  _a .  
T h e r e f o r e ,  a l l  i n t e r a c t i o n s  w i t h  t h e  l a t t i c e  a t o m s  r e q u i r i n g  
s m a l l e r  i m p a c t  p a r a m e t e r s  t h a n  _a a r e  c o m p l e t e l y  p r o h i b i t e d  f o r  
a  c h a n n e l l e d  b e a m .  C o n s e q u e n t l y ,  c l o s e  e n c o u n t e r  p r o c e s s e s  s u c h  
a s  n u c l e a r  r e a c t i o n s  a n d  b a c k s c a t t e r i n g  a r e  p a r t i c u l a r l y  s e n s i t i v e  
' d e t e c t o r s *  f o r  d e t e r m i n i n g  t h a t  f r a c t i o n  o f  t h e  b e a m  t h a t  i s  n o t  
c h a n n e l l e d .  W h e n  t h e  i n t e r a c t i o n  o f  t h e  b e a m  w i t h  b o t h  l a t t i c e  
a n d  f o r e i g n  a t o m s  i s  i n v e s t i g a t e d  i t  i s  p o s s i b l e  t o  o b t a i n  a  
q u a n t i t a t i v e  m e a s u r e  o f  t h e  d i s t r i b u t i o n  o f  t h e  f o r e i g n  a t o m s  
b e t w e e n  s u b s t i t u t i o n a l  a n d  s p e c i f i c  i n t e r s t i t i a l  p o s i t i o n s .
S p e c t r a  o f  b a c k s c a t t e r e d  p a r t i c l e s  c a n  b e  r e c o r d e d  o n  a  
m u l t i c h a n n e l  a n a l y s e r  w i t h  t h e  b e a m  i n c i d e n t  a l o n g  v a r i o u s  d e s i r e d  
o r i e n t a t i o n s ,  u s u a l l y  t h e  ^ 1 1 1 ^  ,  ^ 1 1 0 ^  a n d  r a n d o m .  T h e  
d e t a i l e d  s h a p e  o f  t h e  s p e c t r u m  i s  d e t e r m i n e d  b y :
a )  t h e  p r o b a b i l i t y  t h a t  a  p a r t i c l e  i s  
s c a t t e r e d  t o  t h e  d e t e c t o r  ( u s u a l l y
a  s u r f a c e - b a r r i e r  s o l i d - s t a t e  d e v i c e )
b )  t h e  e l a s t i c - e n e r g y  l o s s  i n  t h e  
s c a t t e r i n g  p r o c e s s ,  a n d
c )  t h e  i n e l a s t i c - e n e r g y  l o s s  a l o n g  t h e  
p a t h  o f  t h e  p a r t i c l e .
T h e  s p e c t r u m  o f  d e t e c t e d  p a r t i c l e s  c o n s i s t s  o f  a  s h a r p  e d g e  
c o r r e s p o n d i n g  t o  s c a t t e r i n g  f r o m  t h e  s u r f a c e  r e g i o n  f o l l o w e d  b y  
a  s m o o t h  s l o w l y - c h a n g i n g  y i e l d  a t  l o w e r  e n e r g i e s .  T h e  e x a c t  s h a p e  
b e i n g  d e t e r m i n e d  b y  t h e  e n e r g y  d e p e n d e n c e  o f  t h e  s t o p p i n g  p o w e r  o f  
t h e  s c a t t e r i n g  c r o s s - s e c t i o n .  I f  t h e  i m b e d d e d  i m p u r i t y  a t o m s  a r e  
h e a v i e r  t h a n  t h e  t a r g e t  a t o m s  t h e  e l a s t i c - e n e r g y  l o s s  w i l l  b e  
s m a l l e r  a n d  t h u s  t h e  i m p u r i t y  e d g e  w i l l  o c c u r  a t  h i g h e r  e n e r g i e s  
t h a n  t h e  s u r f a c e  e d g e .  I f  t h e  i m p u r i t y  i s  c o n f i n e d  t o  a  s h a l l o w
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s u r f a c e  r e g i o n  a n  ' i m p u r i t y  p e a k '  w i l l  b e  s e e n  a n d  h e n c e  t h e  
i n t e r a c t i o n  o f  t h e  b e a m  w i t h  b o t h  h o s t  a t o m s  a n d  i m p u r i t y  a t o m s  
c a n  b e  o b s e r v e d  s i m u l t a n e o u s l y .
I t  i s  p o s s i b l e  t o  c o n v e r t  t h e  e n e r g y  s c a l e  i n t o  a  m a s s  s c a l e  
p r o v i d e d  t h e  i m p u r i t i e s  a r e  c l o s e  e n o u g h  t o  t h e  s u r f a c e  t h a t  a n y  
i n e l a s t i c - e n e r g y  l o s s  c a n  b e  n e g l e c t e d .  H e a v y  i m p u r i t i e s  a p p e a r  
c l o s e l y  a b o v e  t h e  ' s u r f a c e  e d g e ' ;  l i g h t e r  i m p u r i t i e s  a r e  s u p e r ­
i m p o s e d  o n  t h e  l a t t i c e  s p e c t r u m .
A  k n o w l e d g e  o f  t h e  s t o p p i n g  p o w e r s  f o r  t h e  r a n d o m  a n d  t h e  
a l i g n e d  b e a m  p e r m i t s  c o n v e r s i o n  o f  t h e  e n e r g y  s c a l e  t o  a  d e p t h  
s c a l e  a n d  h e n c e  i t  i s  p o s s i b l e  t o  o b t a i n  a  d e p t h  d i s t r i b u t i o n  o f  
t h e  i m p l a n t e d  i o n s .
4 . 2 . 2  L o c a t i o n  o f  f o r e i g n  a t o m s  i n  c r y s t a l s
T h e  i n t e r a c t i o n  o f  t h e  c h a n n e l l e d  b e a m  a l o n g  a  m a i n  d i r e c t i o n  
a n d  f o r e i g n  a t o m s  i n  t h e  c r y s t a l  w i l l  n o t  s h o w  a n y  a t t e n u a t i o n  i n  
y i e l d  p r o v i d e d  t h e  f o r e i g n  a t o m  i s  l o c a t e d  i n  t h e  a l l o w a b l e  s p a c e  
f o r  t h e  c h a n n e l l e d  b e a m .  H e n c e  i n t e r s t i t i a l  a t o m s  w i l l  n o t  s h e w  
a n y  a t t e n u a t i o n  a t  l e a s t  a l o n g  s o m e  m a i n  d i r e c t i o n s .  I f ,  h o w e v e r ,  
t h e  f o r e i g n  a t o m  i s  s i t u a t e d  a l o n g  a  r o w  o r  a  p l a n e  ( i . e .  i n  t h e  
f o r b i d d e n  s p a c e  f o r  t h e  c h a n n e l l e d  b e a m ) ,  t h e n  a  l a r g e  d e c r e a s e  
i n  t h e  y i B l d  o f  t h e  p r o c e s s  i s  o b s e r v e d  w h e n e v e r  t h e  b e a m  i s  
a l i g n e d  w i t h i n  t h e  c r i t i c a l  a n g l B  o f  t h a t  r o w  o r  p l a n B .  F o r  a  t r u e  
s u b s t i t u t i o n a l  p o s i t i o n  a  d e c r e a s e  w i l l  b e  o b s e r v e d  f o r  a  c l o s e -  
p a c k e d  d i r e c t i o n .
H e n c e ,  b y  s i m u l t a n e o u s l y  o b s e r v i n g  t h e  i n t e r a c t i o n  o f  t h e  b e a m  
w i t h  t h e  l a t t i c e  a n d  w i t h  s p e c i f i c  i m b e d d e d  f o r e i g n  a t o m s ,  i t  i s  
p o s s i b l e  t o  o b t a i n  a  q u a n t i t a t i v e  m e a s u r e  o f  t h e  f r a c t i o n  o f  f o r e i g n  
a t o m s  l o c a t e d  o n  a  p a r t i c u l a r  r o w  o r  p l a n e .  B y  r e p e a t i n g  t h e  
e x p e r i m e n t  i n  d i f f e r e n t  c r y s t a l  d i r e c t i o n s ,  t h e  e x a c t  l o c a t i o n ( s )  
o f  t h e  f o r e i g n  a t o m s  c a n  b e  e s t a b l i s h e d .
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T h e  t e c h n i q u e  i s  w e l l  d e s c r i b e d  b y  E r i k s s o n  ( 1 8 )  w h o  
d i s c u s s e s  a n  i n v e s t i g a t i o n  i n t o  t h e  r e p o r t  t h a t  i o n - i n j e c t e d  
L i t h i u m  p r o b a b l y  o c c u p i e s  a n  i n t e r s t i t i a l  s i t e  a n d  t h a t  B o r o n  
i s  a  s u b s t i t u t i o n a l  i m p u r i t y .
4 . 5  E l e c t r i c a l  E v a l u a t i o n
4 . 3 . 1  G e n e r a l
T h e  R u t h e r f o r d  s c a t t e r i n g  t e c h n i q u e  d e s c r i b e d  i n  t h e  p r e v i o u s  
s e c t i o n  c a n n o t ,  h o w e v e r ,  r e v e a l  t h e  p r e s e n c e  o f  i n d i v i d u a l  d e f e c t s  
s u c h  a s  s u b s t i t u t i o n a l - v a c a n c y  p a i r s  u n l e s s  t h e  d o p a n t  i s  d i s p l a c e d  
m o r e  t h a n  t h e  T h o m a s - F e r m i  s c r e e n i n g  d i s t a n c e  f r o m  i t s  l a t t i c e  s i t e .  
T h u s ,  a l l  t h e  f e a t u r e s  o f  t h e  e l e c t r i c a l  b e h a v i o u r  o f  a n  i m p l a n t e d  
l a y e r  c a n n o t  b e  p r e d i c t e d  f r o m  R u t h e r f o r d  s c a t t e r i n g  m e a s u r e m e n t s  
a l o n e .  I n  d e v i c e  a p p l i c a t i o n s  s o m e  o f  t h e  i n t e r e s t i n g  e l e c t r i c a l  
c h a r a c t e r i s t i c s  o f  t h e  i m p l a n t e d  l a y e r  a r e :
a )  t h e  n u m b e r  o f  c a r r i e r s / c m ^ ,
b )  t h e  c a r r i e r  m o b i l i t y ,
c )  t h e  d e p t h  d i s t r i b u t i o n  o f  t h e  c a r r i e r
c o n c e n t r a t i o n ,  a n d
d )  t h e  l i f e t i m e .
T h e  f i r s t  t h r e e  o f  t h e s e  p a r a m e t e r s  c a n  b e  d e t e r m i n e d  f r o m
H a l l  a n d  r e s i s t i v i t y  m e a s u r e m e n t s  p a r t i c u l a r l y  i f  c o m b i n e d  w i t h
a  l a y e r - r e m o v a l  t e c h n i q u e .
4 . 3 . 2  T h e  H a l l  E f f e c t  ( 3 8 )
T h e  H a l l  e f f e c t  i s  n o w  s o  w e l l  k n o w n  t h a t  i t  i s  n o t  p r o p o s e d  
t o  r e p r o d u c e  t h e  u s u a l  d e r i v a t i o n s  h B r e .  I n  s i m p l e  t e r m s ,  i f  a  
m a g n e t i c  f i e l d  i s  a p p l i e d  a t  r i g h t  a n g l e s  t o  a  d i r e c t i o n  o f  c u r r e n t  
f l o w  t h e n  a n  e l e c t r i c  f i e l d  i s  s e t  u p  p e r p e n d i c u l a r  t o  b o t h  
d i r e c t i o n  o f  c u r r e n t  a n d  m a g n e t i c  f i e l d .  I f  t h e  c u r r e n t  d e n s i t y  
i s  Jx> t h e  m a g n e t i c  f i e l d  i s  Bx a n d  t h e  H a l l  e l e c t r i c  f i e l d  i s  £ y , 
t h e n  t h e  H a l l  c o e f f i c i e n t ,  ,  i s  d e f i n e d  b y  
+  =  jx  8 *
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a l s o  f t j  “  S z  <£. —  6 .
w h e r e  ^  i s  t h e  f o r c e  o n  a n  e l e c t r o n
&  i s  t h e  e l e c t r o n i c  c h a r g e  a n d
'IT  i s  t h e  v e l o c i t y  o f  t h e  e l e c t r o n
s i n c e  w h e r B  7 2  i s  t h e  c o n c e n t r a t i o n
o f  e l e c t r o n s
£ 3  =  ~ 4 e  ' B z  J x
a n d  R H  -
E l e c t r i c a l  c o n d u c t i v i t y ,  O" ,  c a n  b e  d e f i n e d  b y  
w r i t i n g  j* = o'
o r  C T  —  j ic /E - x .
H e n c e  0 “  ^  7 ?  C  “U x
o r c r  “  7? <2
w h e r e y tL  i s  t h e  e l e c t r o n  d r i f t  v e l o c i t y  p e r  u n i t  
e l e c t r i c  f i e l d ,  o r  t h e  m o b i l i t y .  T h i s  i s  a  
c h a r a c t e r i s t i c  o f  t h e  m a t e r i a l  a n d  m u s t  b e ,  
w i t h i n  t h e  v a l i d i t y  o f  O h m ' s  L a w ,  i n d e p e n d e n t  o f  E .
T h u s  e l e c t r i c a l  c o n d u c t i v i t y ,  O ' , d e p e n d s  u p o n  t w o  
c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l ,  n a m e l y  t h e  d e n s i t y ,  n ,  o f  t h e  
c h a r g e  c a r r i e r s  a n d  t h e i r  m o b i l i t y y t C  .
I
|  R h  I o r  *— / f t ^  7 ? Q yCl
(f?H | c r  -y U
T h r o u g h o u t  t h e  f o r e g o i n g  i t  h a s  b e e n  a s s u m e d  t h a t  c o n d i t i o n s  
a r e  i s o t h e r m a l  i . e .  n o  t e m p e r a t u r e  g r a d i e n t s  e x i s t  i n  t h e  s a m p l e
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b e i n g  s t u d i e d .  T h u s  i n  Q r —  J x / ^  a s s u m e d  t h a t  E  
i s  s o  s m a l l  t h a t  O h m ' s  L a w  i s  o b e y e d  a n d  t h a t  r e c t i f i c a t i o n  
e f f e c t s  a t  c o n t a c t s  o r  i n t e r n a l  p - n  j u n c t i o n s  a r e  n o t  p r e s e n t ,  
I t  i s  u s u a l l y  c o n v e n i e n t  t o  u s e  s p e c i m e n s  i n  t h e  f o r m  o f  
r e c t a n g u l a r  p l a t e s .
I f  t h e  w i d t h  o f  t h e  p l a t e  i s  b  a n d  t h e  t h i c k n e s s  i s  d  a n d  
a  c u r r e n t  I ^ i s  p a s s e d  t h r o u g h  t h e  p l a t e  a n d  t h e  c o n d u c t i v i t y  
d e t e r m i n e d  b y  m e a s u r i n g  t h e  v o l t  d r o p ,  Vc , b e t w e e n  t w o  c o n t a c t s  
d i s t a n c e  £  a p a r t  t h e n :
c r % bcL
I f  t h e  v o l t a g e  b e t w e e n  t h e  H a l l  p r o b e s  C D  i s  \J^ w h e n  a  
m a g n e t i c  i n d u c t i o n  B ^ i s  a p p l i e d  t h e n :
8 .
h> cL 
X *
Vh cL
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Hence O' ~ £ .  -1
Vc. b Eps.
o r (Rh Ct)Q2 -  J Y  =  bo.m
w h e r e  t h e  H a l l  a n g l e  y> i s  t h e  a n g l e  b e t w e e n  t h e  
d i r e c t i o n  o f  c u r r e n t  f l o w  a n d  t h e  d i r e c t i o n  o f  
e l e c t r i c  f i e l d .
I t  c a n  t h e r e f o r e  b e  s e e n  t h a t  t o  d e s c r i b e  RHcr a s  a  m o b i l i t y
i s  o n l y  v a l i d  p r o v i d i n g  i s  s m a l l  o r  i f  B  i s  s o  s m a l l  t h a t
c h a n g e  o f  Or w i t h  B  c a n  b e  n e g l e c t e d .
T h e  c h a n g e  o f  r e s i s t a n c e  d u e  t o  m a g n e t o - r e s i s t a n c e  e f f e c t  
Z
v a r i e s  a s  B  .  I t  i s  u s u a l  t o  d e f i n e  a  m a g n e t o - r e s i s t a n c e  
c o e f f i c i e n t  M b y s
I n  s t u d y i n g  t h i s  e f f e c t  B  m a y  b e  a p p l i e d  i n  a n y  a r b i t r a r y  
d i r e c t i o n  r e l a t i v e  t o  t h e  d i r e c t i o n  o f  c u r r e n t  f l o w .  H e n c e  t h e  
d i r e c t i o n  o f  B  m u s t  b e  s p e c i f i e d .
A s  t h e  e x p r e s s i o n  f o r  t a n  s h o w e d ,  i n  t h e  p r e s e n c e  o f  a  
m a g n e t i c  f i e l d  t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d  v e c t o r  a n d  t h e  
c u r r e n t  v e c t o r  n o  l o n g e r  c o i n c i d e  a n d  i t  i s  t h e r e f o r e  n e c e s s a r y  
t o  s p e c i f y  t h r e e  c o m p o n e n t s  t o  b e  m e a s u r e d .  T h e  c o m p o n e n t  p a r a l l e l  
t o  t h e  d i r e c t i o n  o f  t h e  c u r r e n t  g i v e s  t h e  c o n d u c t i v i t y .  T h e  
c o m p o n e n t  p e r p e n d i c u l a r  t o  t h e  c u r r e n t  a n d  t h e  p l a n e  c o n t a i n i n g  
t h e  c u r r e n t  a n d  t h e  m a g n e t i c  f i e l d  i s  t h e  H a l l  f i e l d .  T h i s  l e a v e s  
a  t h i r d  c o m p o n e n t  w h i c h  w i l l  b e  a t  r i g h t  a n g l e s  t o  t h e  c u r r e n t  b u t  
w h i c h  w i l l  l i e  i n  t h e  p l a n e  c o n t a i n i n g  t h e  c u r r e n t  a n d  t h e  m a g n e t i c
w h e r e  * f"  i s  t h e  r e s i s t a n c e  o f  t h e  s p e c i m e n .
34
f i e l d .  T h i s  c o m p o n e n t  h a s  b e e n  c a l l e d  t h e  p l a n a r  H a l l  e f f e c t  ( 3 9 )
b y  a n a l o g y  w i t h  t h e  u s u a l  H a l l  e f f e c t .  I t  c a n  b e  s h o w n  t h a t  t h e
£
p l a n a r  H a l l  c o e f f i c i e n t ,  G ,  i s  p r o p o r t i o n a l  t o  g a j  a n d  t h e  
e f f e c t  v a n i s h e s  w h e n  B  i s  p a r a l l e l  t o  I  o r  a t  r i g h t  a n g l e s  t o  i t .
G  i s  a  m a x i m u m  w h e n  t h e  a n g l e  b e t w e e n  B  a n d  I  i s  4 5 ?  T h e  e f f e c t  
i s  a n  i n d i c a t i o n  o f  t h e  d i s t o r t i o n  o f  t h e  l i n e s  o f  c u r r e n t  f l o w  
p r o d u c e d  b y  t h e  m a g n e t i c  f i e l d .
I n  t h e  s i m p l e  e x p l a n a t i o n  o f  t h e  H a l l  e f f e c t  a l l  e l e c t r o n s  
w e r e  a s s u m e d  t o  h a v e  t h e  s a m e  v e l o c i t y .  I n  p r a c t i c e  t h i s  i s  n o t  
t r u e  a n d  t h e r e f o r e  t h e  H a l l  e l e c t r i c  f o r c e  c a n  o n l y  b a l a n c e  e x a c t l y  
t h e  f o r c e  o n  t h e  a v e r a g e  e l e c t r o n .  A s  a  r e s u l t ,  t h e  p a t h s  o f  t h e  
f a s t e r  a n d  s l o w e r  e l e c t r o n s  d i f f e r  s l i g h t l y .  S e c o n d  o r d e r  e f f e c t s  
s u c h  a s  t h e  p l a n a r  H a l l  e f f e c t s  a r e  t h e r e f o r e  a s s o c i a t e d  w i t h  t h e s e  
d i f f e r e n c e s .
T h e r e  a r e  m a n y  o t h e r  r e l a t e d  p h e n o m e n a  s u c h  a s  t h e  E t t i n g s h a u s e n ,  
N e r n s t  a n d  R i g h i - L e d u c  e f f e c t s .  S i n c e  t h e y  a r e  a l l  d e s c r i b e d  i n  
t h e  r e l e v a n t  l i t e r a t u r e  ( 3 8 )  i t  i s  n o t  p r o p o s e d  t o  d i s c u s s  t h e m  
h e r e  o t h e r  t h a n  t o  d r a w  a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e y  a r e  a l l  
s e c o n d  o r d B r  e f f e c t s .
I t  w a s  a s s u m e d  t h a t  a t  t h e  v a l u e s  o f  5 5 0 0  a n d  6 0 0 0  g a u s s  u s e d  
d u r i n g  t h e  e x p e r i m e n t s  t h e s e  s e c o n d  o r d e r  e f f e c t s  c o u l d  b e  i g n o r e d .
4 . 3 . 3  C o n d u c t i v i t y  M e a s u r e m e n t
4 . 3 . 3 . 1  G e n e r a l
T h e r e  a r e  t w o  m a i n  m e t h o d s  o f  d e t e r m i n i n g  t h e  
d i s t r i b u t i o n  o f  e l e c t r i c a l l y - a c t i v e  c e n t r e s  b y  e l e c t r i c a l  
m e a s u r e m e n t s ,  n a m e l y  c a p a c i t a n c e - v o l t a g e  c h a r a c t e r i s t i c s ,  
a n d  i n c r e m e n t a l  c o n d u c t i v i t y  a n d  H a l l  m e a s u r e m e n t s .
G u n n e r s e n ,  H i t c h c o c k  a n d  G e o r g e  ( 1 5 )  u s e d  a  d i o d e  
c a p a c i t a n c e - b i a s  t e c h n i q u e  t o  d e t e r m i n e  c a r r i e r  c o n c e n t r a t i o n .
A s i m i l a r  t e c h n i q u e  w a s  a l s o  u s e d  b y  M a y e r  e t  a l  ( 3 7 ) .
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T h e  p r o f i l e  o f  i m p l a n t e d  i o n s  c a n n o t  b e  d e t e r m i n e d  
f r o m  t h e  c a p a c i t a n c e  o f  t h e  i m p l a n t e d  j u n c t i o n  b e c a u s e  
t h e  m a j o r  c h a n g e  w i t h  v o l t a g e  o f  t h e  d e p l e t i o n  r e g i o n  
i s  i n  t h e  o r i g i n a l  b a s e  m a t e r i a l  b e y o n d  t h e  j u n c t i o n .
I t  c a n ,  h o w e v e r ,  i n d i c a t e  t h B  p r e s e n c e  o f  a  g r a d e d  
j u n c t i o n  b u t  n o t  t h e  d i s t r i b u t i o n  i n  t h e  h e a v i l y  i m p l a n t e d  
r e g i o n  n e a r  t h e  s u r f a c e  ( 3 7 ) .  T h i s  m e t h o d  i s  a l s o  a f f e c t e d  
b y  h i g h  s u r f a c e  c o n c e n t r a t i o n s  p r o d u c i n g  l a r g e  l e a k a g e  
c u r r e n t s ,  p o s s i b l y  a s  a  r e s u l t  o f  t u n n e l  e m i s s i o n  i n  t h e  
h i g h  f i e l d  r e g i o n .
F o r  t h e s e  r e a s o n s  t h e  a u t h o r  d e c i d e d  t h a t  B l e c t r i c a l  
m e a s u r e m e n t s  u s i n g  i n c r e m e n t a l  c o n d u c t i v i t y  a n d  H a l l  
m e a s u r e m e n t s  w o u l d  b e  u s e d  f o r  t h e  w o r k  d e s c r i b e d  i n  
t h i s  t h e s i s .
4 . 3 . 3 . 2  F o u r  P o i n t  P r o b e
L a r g e  a n d  h i s  c o - w o r k e r s  ( 4 0 ,  4 1 )  m e a s u r e d  t h e  s u r f a c e  
c o n d u c t i v i t y  b y  m e a n s  o f  t h e  w e l l - k n o w n  f o u r - p o i n t  p r o b e  
m e t h o d .  H e r e  t h e  r e s i s t i v i t y  o f  a  v e r y  t h i n  s l i c e  o f  
c o n d u c t i n g  m e d i u m  o n  a  n o n - c o n d u c t i n g  s u b s t r a t e  i s  g i v e n  b y ;
p r o v i d e d  t h e  t h i c k n e s s  o f  t h e  l a y e r ,  L i ,  i s  
s m a l l  c o m p a r e d  w i t h  t h e  s p a c i n g  
o f  t h e  p r o b e s  a n d
w h e r e  V  i s  t h e  v o l t a g B  a c r o s s  t h e  i n n e r  p r o b e s
a n d  I  i s  t h e  c u r r e n t  t h r o u g h  t h e  o u t e r  p r o b e s .
T h e  m a i n  s o u r c e s  o f  e r r o r  i n  t h e  f o u r - p o i n t  p r o b e  
m e t h o d  w e r e ;
a )  t h e  p r o b e  v o l t a g e  m e a s u r e d  f o r  t h e  s a m e  p o s i t i o n
W
o n  a  s l i c e  c o u l d  v a r y  b y  t .  5 ^  p o s s i b l y  d u e  t o  
t h B  d i f f e r i n g  c o n t a c t  c o n d i t i o n s  f o r  t h e  l i g h t
p r e s s u r e s  t h a t  m u s t  b e  u s e d  t o  a v o i d  p u n c h i n g
through the implanted layer
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b )  t h e  s l o p e  r e s i s t a n c e  o f  t h e  r e v e r s e d - b i a s e d  
j u n c t i o n  w a s  s u f f i c i e n t l y  l o w  a t  t h e  p r o b e  
v o l t a g e s  u s e d  t o  a l l o w  s o m e  c u r r e n t  t o  f l o w  
a c r o s s  t h e  j u n c t i o n  i n t o  t h e  b u l k  m a t e r i a l .
S o m e  e x p e r i m e n t a t i o n  w a s  d o n e  w i t h  b r i d g e - s h a p e d  
s p e c i m e n s  ( s e e  A p p e n d i x  l )  b u t  i t  w a s  d e c i d e d  t h a t  i t  
w a s  m o r e  c o n v e n i e n t  t o  u s e  t h e  c o n f i g u r a t i o n  s u g g e s t e d  
b y  V a n  d e r  P a u w .
4 . 3 . 3 . 3  V a n  d e r  P a u w  M e t h o d
l / a n  d e r  P a u w  ( 4 2 ,  4 3 )  s h o w e d  t h a t  i t  w a s  p o s s i b l e  t o  
m e a s u r e  t h e  s p e c i f i c  r e s i s t i v i t y  a n d  t h e  H a l l  e f f e c t  o f  a  
f l a t  s p e c i m e n  o f  a r b i t r a r y  s h a p e  w i t h o u t  k n o w i n g  t h e  
c u r r e n t  p a t t e r n  p r o v i d e d  c e r t a i n  c o n d i t i o n s  a r e  f u l f i l l e d :
a )  t h e  c o n t a c t s  a r e  a t  t h e  c i r c u m f e r e n c e  o f  
t h e  s a m p l e ,
b )  t h e  c o n t a c t s  a r e  s u f f i c i e n t l y  s m a l l ,
c )  t h e  s a m p l e  i s  h o m o g e n e o u s  i n  t h i c k n e s s ,
d )  t h e  s u r f a c e  o f  t h e  s p e c i m e n  i s  s i n g l y  
c o n n e c t e d ,  i . e . ,  t h e  s a m p l e  d o e s  n o t  h a v e  
i s o l a t e d  h o l e s  o r  c u t - o u t s .
B y  u s i n g  ' c l o v e r - s h a p e d *  s a m p l e s  ( F i g u r e  4 . 1 )  i t  i s  
p o s s i b l e  t o  e l i m i n a t e  t h e  i n f l u e n c e  o f  c o n t a c t s  s t i l l  
f u r t h e r  a n d  h e n c e  e l i m i n a t e  o n e  o f  t h e  m a i n  s o u r c e s  o f  
e r r o r  i n h e r e n t  i n  t h e  f o u r - p o i n t  p r o b e  m e t h o d .  A d d e d  
a d v a n t a g e s  a r e  t h a t  t h e  c l o v e r  s h a p e  g i v e s  a  r e l a t i v e l y  
l a r g e  H a l l  e f f e c t  a t  t h e  s a m e  a m o u n t  o f  h e a t  d i s s i p a t i o n ,  
w h i c h  i s  i m p o r t a n t  w h e n  m e a s u r i n g  m a t e r i a l s  o f  l o w  e l e c t r i c  
m o b i l i t y ,  a n d  a l s o  h a s  a  g r e a t e r  m e c h a n i c a l  s t r e n g t h  t h a n  
t h e  t r a d i t i o n a l  b r i d g e  s h a p e .
F o r  m e a s u r i n g  t h e  s p e c i f i c  r e s i s t i v i t y  o f  a  f l a t  s a m p l e  
i t  s u f f i c e s  t o  m a k e  f o u r  s m a l l  c o n t a c t s  a l o n g  i t s  c i r c u m f e r e n c e
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a) Shape suggested by Van der Pauw
F I G U R E  4 . 1
I m p l a n t e d
b )  S h a p e s  u s e d  o n  s q u a r e  s p e c i m e n s  
i n  e x p e r i m e n t s
C l o v e r - s h a p e s  f o r  V a n  d e r  P a u w  
m e a s u r e m e n t s
a n d  m e a s u r e  t h e  t w o  r e s i s t a n c e s  a n d  RL."q,Cj> BC, lif)
( F i g u r e  4 . 1 )  a n d  t h e  t h i c k n e s s  o f  t h e  s a m p l e .  T h e  
s p e c i f i c  r e s i s t a n c e , ^  ,  o f  t h e  s p e c i m e n  i s  t h e n  g i v e n  b y :
p  -•=, TTcL , (R m ,cp  + Rec.T>/f) £  f  £ W c s >  \Z Z.  ^ Rqc/pa )
fp
w h e r e  r  i s  a  f u n c t i o n  o f  t h e  r a t i o  — ■
o n l y  a n d  s a t i s f i e s  t h e  r e l a t i o n
(?»s,ca ~ Rac.sa -  /  a cosh L A eH zM fl 
fi»s,a> +  L Z  J
T h e  H a l l  m o b i l i t y  c a n  b B  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
c h a n g e  o f  r e s i s t a n c e  w h e n  a  m a g n e t i c  f i e l d  i s
a p p l i e d  p e r p e n d i c u l a r  t o  t h e  s a m p l e .  T h e  H a l l  m o b i l i t y  
i s  t h e n  g i v e n  b y :
cL . A 
©
w h e r e  8  i s  t h e  m a g n e t i c  i n d u c t i o n  a n d
/ *  «  / »
A  i s  t h e  c h a n g e  o f  t h e  r e s i s t a n c e
d u e  t o  t h e  m a g n e t i c  f i e l d .
4 . 3 . 3 . 4  M o b i l i t y  a n d  c a r r i e r  c o n c e n t r a t i o n  f o r  t h i n  l a y e r s  
F r o m  t h e  p r e v i o u s  s e c t i o n  t h e  s h e e t  r e s i s t i v i t y ,  
i s  g i v e n  b y :
A  =  ( N l E z . )  8
w h e r e  Rt —  i . e .  v o l t a g e  m e a s u r e d  a t  c o n t a c t s
A a n d  B  f o r  c u r r e n t  a t  c o n t a c t s  
C  a n d  D .
a n d  s i m i l a r l y  ^
rj~ i s  t h e  f u n c t i o n  o f  a n d  h a s  a  v a l u e  n e a r
unity for symmetrical geometry.
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T h e  ' s h e e t *  H a l l  c o e f f i c i e n t , ^ ,  ( d e f i n e d  a s  R g s  ^  ) 
c a n  b e  d e t e r m i n e d  b y  m e a s u r i n g  t h e  v o l t a g e  c h a n g e ,  A  
n o r m a l  t o  t h e  c u r r e n t  p a t h ,  XSJ> ,  w h e n  a  m a g n e t i c  f i e l d ,
8  ,  i s  a p p l i e d  p e r p e n d i c u l a r  t o  t h e  s a m p l e  a n d  i s  g i v e n  b y ;
O A  V »c . t o *
5  “  B X  °  x 82>
T h e  e f f e c t i v e  H a l l  m o b i l i t y  o f  t h e  s h e e t , 9 
i s  t h e n  g i v e n  b y §
f r e f f =  Rs  OS
w h e r e  0 ^  i s  t h e  s h e e t  c o n d u c t i v i t y  d e f i n e d  b y
0 3  =  c r  c i
a n d  t h e  e f f e c t i v e  n u m b e r  o f  c a r r i e r s / c m 4 , ? c a n  b e  
d e t e r m i n e d  f r o m ;
A/c a  ----— ----
S i n c e  i n  a n  i m p l a n t e d  s a m p l e  t h e  c a r r i e r  c o n c e n t r a t i o n
a n d  c a r r i e r  m o b i l i t y  a r e  d e p t h  d e p e n d e n t  b o t h  a n d yX (Qf f
a r e  w e i g h e d  a v e r a g e s .  P e t r i t z  ( 4 7 )  s h o w e d  t h a t  w h e r e  t h e r e
i s  d e p t h  d e p e n d e n c e  o n  t h e  c o n c e n t r a t i o n  o f  c a r r i e r s ,  t h e
H a l l  c o e f f i c i e n t  c a n  b e  e x p r e s s e d  a s  a  s u m m a t i o n  o f  t h e
a v e r a g e  v a l u e s  o f  c a r r i e r  c o n c e n t r a t i o n ,  T f y  ,  a n d
m o b i l i t y , y £ ^ t- ,  i n  i  l a y e r s  o f  t h i c k n e s s ,  elf .  A s s u m i n g
t h a t  t h e r e  a r e  n o  c i r c u l a t i n g  c u r r e n t s  a n d  t h a t  t h e  H a l l
*
a n d  c o n d u c t i v i t y  m o b i l i t y  i n  t h e  L l a y e r  a r e  e q u a l ;
/?  =5 ^  j 771 c l  I
H e  ( £ l m i y U i  c l i  ) *
from which R s  =
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O’ = -J  mL M i c L i
f r o m  w h i c h  t h e  ' s h e e t 1 c o n d u c t i v i t y ,  O g  ,  
i s  g i v e n  b y
o, = e m  M-i di
T h e  e f f e c t i v e  H a l l  m o b i l i t y  i s  t h e n  g i v e n  b y :
f r e f f  -  R s ° $
s  mZ L il d i
Til o i l
F r o m  t h i s  e x p r e s s i o n  i t  c a n  b e  s e e n  t h a t  t h e  e f f e c t i v e  
£
H a l l  m o b i l i t y  i s  w e i g h e d  b y  t h e  c o n c e n t r a t i o n  o f  l a y e r s
A
w i t h  h i g h e r  m o b i l i t y  i n  a  d i f f e r e n t  m a n n e r  t h a n  t h e  
c o n d u c t i v i t y  m o b i l i t y ,  yCCQ ,  w h e r e
Vi M i J  
Y  n i  d i
T h i s  d i f f e r e n c e  c a n  l e a d  t o  l o w e r  v a l u e s  o f  A / j  
t h a n  w o u l d  b e  f o u n d  f r o m  t h e  n u m b e r  n <l  g i v e n  b y
n i di.■
B u s h i e r  ( 4 8 ) p o i n t e d  o u t  t h a t  m o r e  a c c u r a t e  v a l u e s  
o f  N c a n  b s  d e t e r m i n e d  f r o m  t h e  c o m b i n a t i o n  o f  s t r i p p i n g  
t e c h n i q u e s  a n d  H a l l  m e a s u r e m e n t s .
The conductivity is expressed by
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F o l l o w i n g  B u e h l e r ,  t h e  n u m b e r  o f  c a r r i e r s  i n  
t h e  X  l a y e r  a n d  t h e i r  m o b i l i t y  c a n  b e  f o u n d  f r o m  
t h e  f o l l o w i n g :
R ,  i s  d e f i n e d  a s  t h e  s h e e t  H a l l  c o e f f i c i e n t  
b e f o r e  a  s t r i p  i s  r e m o v e d  a n d  Cff i s  t h e  
c o r r e s p o n d i n g  s h e B t  c o n d u c t i v i t y .
R ^  i s  d e f i n e d  a s  t h e  s h e e t  H a l l  c o e f f i c i e n t  
a f t e r  a  s t r i p  i s  r e m o v e d  a n d  i s  t h e
c o r r e s p o n d i n g  s h e e t  c o n d u c t i v i t y .
where X  refers to the stripped layer.
=  £ . [  m y u / d i
f ti a ' Z =  A ;  u / d - i  y U x X d K  
e  y  y
.- . E l  _  ^ 2 ° S a  _  7 lx  M x * d x
e . e  /
I f  i s  d e f i n e d  b y
c r ^  ~  oj" — =  C  V Xy C c x  c t x
t h e n
f t , o : z  (?a of_  f o r - < % ) / * *
e  e  e
f r o m  w h i c h
«  =  _ g . ° r a  -
/  x  q r  -
„  _  c r ;  - Q a
a l s o  / 7*  ^ T y U ^ ~ 3 lI
F r o m  t h e  e x p r e s s i o n  f o r ,  i t  c a n  b e  s e e n  t h a t  t h e  
m o b i l i t y  i n  t h e  s t r i p p e d  l a y e r  c a n  b e  d e t e r m i n e d  f r o m  t h e  
c a l c u l a t e d  v a l u e s  o f  H a l l  c o e f f i c i e n t  a n d  c o n d u c t i v i t y  
b a s e d  o n  t h e  m e a s u r e d  v a l u e s  o f  v o l t a g e  a n d  c u r r e n t .  T h e  
r e s u l t  i s  i n d e p e n d e n t  o f  t h e  t h i c k n e s s  o f  t h e  s t r i p  p r o v i d e d  
i t  c a n  b e  a s s u m e d  s m a l l  e n o u g h  t o  b e  r e g a r d e d  a s  u n i f o r m .
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F r o m  t h e  e x p r e s s i o n  f o r  77x  ,  h a v i n g  d e t e r m i n e d  t h e  
m o b i l i t y  a n d  k n o w i n g  t h e  t h i c k n e s s ,  t h e  v a l u e  o f  t h e  
c a r r i e r  c o n c e n t r a t i o n  c a n  b e  c a l c u l a t e d .
4 . 4  A n o d i c  O x i d a t i o n  S t r i p p i n g
A s  h a s  b e e n  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  i n  a n  i m p l a n t e d
s a m p l e  t h e  c a r r i e r  c o n c e n t r a t i o n  a n d  c a r r i e r  m o b i l i t y  a r e  d e p t h
d e p e n d e n t  a n d  h e n c e  i t  i s  n e c e s s a r y  t o  c o m b i n e  t h e  H a l l  e f f e c t  a n d
r e s i s t i v i t y  m e a s u r e m e n t s  w i t h  a  l a y e r  r e m o v a l  t e c h n i q u e  t o  c o r r e c t  f o r
t h i s  d e p t h  d e p e n d e n c e .  T h e  d e p t h  o f  e a c h  l a y e r  r e m o v a l  m u s t  b e  s m a l l
e n o u g h  s o  t h a t  t h e  d i s t r i b u t i o n  o f  i o n s  w i t h i n  t h e  l a y e r  c a n  b e  a s s u m e d
u n i f o r m  a n d ,  a t  t h e  s a m e  t i m e ,  t h e  t o t a l  d e p t h  r e m o v e d  o f  a l l  l a y e r s
c a n n o t  e x c e e d  t h e  d e p t h  o f  t h e  j u n c t i o n  f o r m e d  b y  t h e  i m p l a n t e d  i o n s .
T h e  p r o j e c t e d  r a n g e s  o f  t h e  v a r i o u s  i o n s  o f  i n t e r e s t  a t  t h e  e n e r g i e s
a v a i l a b l e  a r e  a r o u n d  2 0 0  -  3 0 0  ^  ( A p p e n d i x  I I )  a n d  h e n c e  t o  a c h i e v e
a  s u f f i c i e n c y  o f  p o i n t s  t o  p l o t  a  p r o f i l e ,  t h e  d e p t h  o f  a  l a y e r  r e m o v e d
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s h o u l d  b e  i n  t h e  o r d e r  o f  5 0  A  o r  l e s s .  T h e  o n l y  e f f e c t i v e  m e t h o d  o f  
r e m o v i n g  m e a s u r a b l e  l a y e r s  o f  t h i s  o r d e r  o f  m a g n i t u d e  w i t h o u t  c a u s i n g  
m e c h a n i c a l  d a m a g e  a p p e a r s  t o  l i e  w i t h  t h e  a n o d i c - o x i d a t i o n  s t r i p p i n g  
t e c h n i q u e .  H e r e  o x i d e  f i l m s  o f  k n o w n  t h i c k n e s s  a r e  g r o w n  b y  a n o d i c  
o x i d a t i o n  w h i c h  a r e  s u b s e q u e n t l y  r e m o v e d  b y  a  s u i t a b l e  s o l v e n t .  I f  
t h e  c o n v e r s i o n  r a t i o  b e t w e e n  t h e  m a t e r i a l  a n d  i t s  o x i d e  i s  k n o w n  t h e n  
t h e  a m o u n t  o f  m a t e r i a l  r e m o v e d  w i t h  e a c h  s t r i p p i n g  o p e r a t i o n  c a n  b e  
c a l c u l a t e d .
T h e  u s e  o f  t h i s  t e c h n i q u e  t o  s t u d y  p r o f i l e s  i n  s i l i c o n  i s  w e l l  
e s t a b l i s h e d  ( 4 9 )  b u t  t h e  p r o b l e m  i s  m o r e  d i f f i c u l t  w i t h  g e r m a n i u m  
s i n c e  g e r m a n i u m  o x i d e  i s  w a t e r  s o l u b l e  t h u s  p r e c l u d i n g  t h e  u s e  o f  
a q u e o u s  e l e c t r o l y t e  s y s t e m s .  Z w e r d l i n g  a n d  S h e f f  ( 5 0 )  u s e d  a n  
e l e c t r o l y t e  o f  a n h y d r o u s  s o d i u m  a c e t a t e  i n  g l a c i a l  a c e t i c  a c i d  w h i l e  
W a l e s  ( 5 1 )  u s e d  a n  e l e c t r o l y t e  b a s e d  o n  a c e t i c  a n h y d r i d e .  I n  b o t h  
c a s e s  t h e  t h i c k n e s s  o f  t h e  o x i d e  f i l m s  p r o d u c e d  w e r e  e s t a b l i s h e d  b y
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n o t  d i s c e r n a b l e .  B o t h  m e t h o d s  t o o  g r e w  r e l a t i v e l y  t h i c k  o x i d e  f i l m s
a n d  t h e r e f o r e  w e r e  n o t  s u i t a b l e  f o r  t h e  p u r p o s e  r e q u i r e d .
A t  A . W . R . E .  G e o r g e  ( 5 2 )  h a d  u s e d  0 ° 2 5 N s o l u t i o n  o f  a n h y d r o u s
s o d i u m  a c e t a t e  i n  g l a c i a l  a c e t i c  a c i d  t o  g r o w  o x i d e  f i l m s  i n  t h e  
o
r e g i o n  o f  1 0 0  A  t h i c k n e s s  a n d  i t  w a s  t h e r e f o r e  d e c i d e d  t o  u s e  t h i s
m e t h o d  t o  a t t e m p t  t o  r e m o v e  5 0  A  l a y e r s .
T h e  a r e a  t o  b e  s t r i p p e d  i s  d e f i n e d  b y  a  r u b b e r  g a s k e t  a n d  t h e
a n h y d r o u s  s o d i u m  a c e t a t e  s o l u t i o n  i s  r e c i r c u l a t e d  a n d  d i r e c t e d  o n  t o
t h B  s a m p l e  b y  m e a n s  o f  a  j e t .  A  c o n s t a n t  c u r r e n t  s o u r c e  i s  u s e d  t o
s e l e c t  a  p r e d e t e r m i n e d  c u r r e n t  d e n s i t y  a n d  t h e  g r o w t h  o f  t h e  o x i d e
l a y e r  i s  s t o p p e d  w h e n  a  p r e - s e l e c t e d  c h a n g e  i n  t h e  p o t e n t i a l  a c r o s s
t h e  f i l m  i s  r e a c h e d .  F i g u r e  4 . 2  s h o w s  a  t y p i c a l  v o l t a g e / t i m e  c u r v e
o b t a i n e d .  T h e  c u r v e  h a s  a n  i n i t i a l  s t e p  d u e  t o  t h e  v o l t  d r o p  a c r o s s
t h e  s u b s t r a t e  a n d  a n  i n i t i a l  l i n e a r  i n c r e a s e  i n  p . d .  w i t h  t i m e  a l t h o u g h
a  s a t u r a t i o n  e f f e c t  d o e s  t a k e  p l a c e  i f  t h e  g r o w t h  r a t e  o f  t h e  o x i d e
f i l m  i s  a l l o w e d  t o  c o n t i n u e .
T h e  o x i d e  f i l m  c a n  b e  r e m o v e d  w i t h  0 ° 1  l\l s o l u t i o n  o f  s o d i u m
a
h y d r o x i d e  a n d  i t  i s  e s t i m a t e d  t h a t  5 0  A  l a y e r s  c o u l d  b e  r e m o v e d
r e p r o d u c i b l e  t o  a n  a c c u r a c y  o f  a b o u t  1 0 $  f o r  s i n g l B  f i l m s .
phick-neSS o f
W i t h  t h e  r a t i o  o f y g e r m a n i u m  o x i d e  t o  g e r m a n i u m  r e m o v e d  e s t i m a t e d
/ 3
a t  1 * 0 5  a n d  u s i n g  a  v a l u e  o f  5 ° 3 2  g m / c m  f o r  t h e  d e n s i t y  o f  g e r m a n i u m  
i n  c o n j u n c t i o n  w i t h  a  w e i g h i n g  c a l i b r a t i o n ,  t h e  t h i c k n e s s  r e m o v e d  a s  
a  f u n c t i o n  o f  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  o x i d e  f i l m  i s  s h o w n  i n  
F i g u r e  4 . 3 .
M a y e r  ( 5 3 ) ,  u s i n g  b o t h  d i f f e r e n t i a l  w e i g h t  m e a s u r e m e n t s  a n d  
m u l t i p l e - b e a m  i n t e r f e r o m e t r y ,  r e p o r t e d  t h a t  i n  t h e  a n o d i c  o x i d a t i o n  
s t r i p p i n g  o f  s i l i c o n  t h e r e  w a s  a  t e n d e n c y  t o w a r d s  t h i c k e r  o x i d e s  p e r
o
v o l t  i n  t h e  a n o d i s a t i o n  b o t h  f o r  d e p t h s  l e s s  t h a n  4 0 0  A  a n d  f o r  d o s e s  
1^  / z
g r e a t e r  t h a n  1 0  / c m  a s  c o m p a r e d  w i t h  u n - i m p l a n t e d  s i l i c o n .  B o t h  t h e  
e n h a n c e d  r e m o v a l  r a t e  a n d  t h e  d e p t h  t o  w h i c h  i t  o c c u r r e d  d e p e n d e d  o n
othe interference colours but below 200 A the interference colour is
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T I M E ,  s e c o n d s
F I G U R E  4 . 2  T y p i c a l  v o l t a g e / t i m e  r e l a t i o n s h i p  f o r
t h e  a n o d i c - o x i d a t i o n  p r o c e s s
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t h e  p a r t i c u l a r  i m p l a n t e d  i o n  a n d  t h e  a c c e l e r a t i n g  v o l t a g e .  I t  w a s  
s u g g e s t e d  t h a t  t h e  e f f e c t  m a y  h a v e  b e e n  d u e  s i m p l y  t o  t h e  h i g h  
c o n d u c t i v i t y  o f  t h e  i m p l a n t e d  l a y e r  o r  p o s s i b l y  a  d e g r e d a t i o n  i n  t h e  
q u a l i t y  o f  t h e  o x i d e  l a y e r .
L a r g e  ( 4 0 )  a l s o  u s e d  a  w e i g h i n g  t e c h n i q u e  t o  c a l i b r a t e  a  s t a n d a r d  
e t c h  r a t e  f o r  g e r m a n i u m  b u t  c o m m e n t e d  o n  d i f f e r e n c e s  i n  t h e  r a t e  
d e p e n d e n t  o n  w h e t h e r  t h e  m a t e r i a l  h a d  b e e n  i o n - i m p l a n t e d  w i t h o u t  
a n n e a l i n g  t o  r e m o v e  t h e  r a d i a t i o n  d a m a g e  o r  h a d  b e e n  a n n e a l e d  t o  r e m o v e  
m o s t  o f  t h e  d a m a g e  a n d  ( p r e s u m a b l y )  i f  t h e  m a t e r i a l  w a s  a  s i n g l e - c r y s t a l  
g e r m a n i u m  b e f o r e  i m p l a n t a t i o n .
E x p e r i m e n t s  w e r e  t h e r e f o r e  c a r r i e d  o u t  o n  i m p l a n t e d  a n d  u n i m p l a n t e d  
g e r m a n i u m  a n d  a l s o  a n  i m p l a n t e d  m a t e r i a l  b e f o r e  a n d  a f t e r  a n n e a l i n g .  
H o w e v e r ,  n o  c o n c l u s i v e  e v i d e n c e  w a s  f o u n d  t o  e i t h e r  c o n f i r m  o r  d e n y  
t h e  d i f f e r e n c e s  r e p o r t e d  a n d  s o  t h e  r e l a t i o n s h i p  g i v e n  i n  F i g u r e  4 . 3  
w a s  u s e d  t h r o u g h o u t .
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V O L T A G E  D R O P  A C R O S S  G b  O X I D E  F I L M ,  V o l t s
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F I G U R E  4 . 3 R e l a t i o n s h i p  o f  G e  r e m o v e d  v e r s u s  
v o l t a g e  d e v e l o p e d  a c r o s s  o x i d e  f i l m
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CHAPTER 5 EXPERIMENTAL PROCEDURES
5 . 1  M e a s u r e m e n t  o f  H a l l  e f f e c t  a n d  c o n d u c t i v i t y
5 . 1 . 1  I n t r o d u c t i o n
A s  h a s  b e e n  s t a t e d  i n  C h a p t e r  4 ,  i t  w a s  t h e  i n t e n t i o n  t o  
d e t e r m i n e  s o m e  o f  t h e  i n t e r e s t i n g  e l e c t r i c a l  c h a r a c t e r i s t i c s  
o f  a n  i m p l a n t e d  l a y e r  s u c h  a s  t h e  n u m b e r  o f  c a r r i e r s / c m  , t h e  
c a r r i e r  m o b i l i t y  a n d  t h e  d e p t h  d i s t r i b u t i o n  o f  t h e  c a r r i e r  
c o n c e n t r a t i o n  b y  t h e  u s e  o f  H a l l  a n d  r e s i s t i v i t y  m e a s u r e m e n t s  
c o m b i n e d  w i t h  a  l a y e r - r e m o v a l  t e c h n i q u e .
I n  o r d e r  t h a t  t h e  e l e c t r i c a l  m e a s u r e m e n t s  o n  t h e  i m p l a n t e d  
l a y e r  w e r e  m e a n i n g f u l ,  i t  w a s  t h B  i n t e n t i o n  t o  e l e c t r i c a l l y  
i s o l a t e  t h e  l a y e r  f r o m  t h e  s u b s t r a t e  b y  i m p l a n t i n g  t h e  l a y e r  
s o  t h a t  a  p - n  j u n c t i o n  w a s  f o r m e d .  I t  w a s  a n t i c i p a t e d  t h a t  t h e  
n a t u r a l  e l e c t r i c a l  b a r r i e r  o f  t h e  j u n c t i o n  w o u l d  p r o v i d e  t h e  
n e c e s s a r y  i s o l a t i o n  b u t  i t  w a s  t h o u g h t  t h a t  i f  n e c e s s a r y  t h e  
j u n c t i o n  c o u l d  b e  r e v e r s e - b i a s s e d  e x t e r n a l l y .  I n  t h e  e v e n t  
e x t e r n a l  b i a s s i n g  c r e a t e d  i t s  o w n  d i f f i c u l t i e s  ( s e e  S e c t i o n  6 . 1 . 1 ) 
a n d  i t  w a s  n e c e s s a r y  t o  r e l y  o n  t h e  n a t u r a l  e l e c t r i c a l  b a r r i e r .  
T h i s  i n  t u r n  r e q u i r e d  t h e  i s o l a t i n g  p r o p e r t y  o f  t h e  j u n c t i o n  t o  b e  
a s  g o o d  a s  p o s s i b l e  w h i c h  m e a n t  t h e  m e a s u r e m e n t s  b e i n g  c o n d u c t e d  
a t  l o w  t e m p e r a t u r e s  ( a p p r o x i m a t e l y  1 Q 0  K ) .
L o w  t e m p e r a t u r e  m e a s u r e m e n t s  g a v e  r i s e  t o  c o n t a c t  p r o b l e m s  
w h i c h  w e r e  a g g r a v a t e d  b y  t h e  n e e d  f o r  c o n t r o l l e d  l a y e r  r e m o v a l .
I t  w a s  d e c i d e d  t o  u s e  t h e  V a n  d e r  P a u w  m e t h o d  f o r  c o m b i n e d  
H a l l  e f f e c t  a n d  s h e e t  r e s i s t i v i t y  m e a s u r e m e n t  u s i n g  t h e  c l o v e r  
s h a p e  s i n c e  t h i s  w o u l d  m i n i m i s e  t h e  e f f e c t  o f  s m a l l  d i f f e r e n c e s  
i n  c o n t a c t  p l a c e m e n t  b e t w e e n  d i f f e r e n t  o b s e r v a t i o n s  a s  w e l l  a s
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p x io v - i-n g . m a x i m u m  m a c h a n i c a l  s t r e n g t h  f o r  h a n d l i n g  d u r i n g  t h e  
a n o d i c - o x i d a t i o n  s t r i p p i n g  p r o c e s s .
5 . 1 . 2  S p e c i m e n s
5 . 1 . 2 . 1  P r e p a r a t i o n  o f  S a m p l e s
T h e  p r e p a r a t i o n  o f  a  s a m p l e  f o r  m e a s u r e m e n t  w a s  a n  
i m p o r t a n t  p a r t  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e .  G r e a t  
c l e a n l i n e s s  a n d  c a r e  w a s  r e q u i r e d  t o  a v o i d  a n y  d a m a g e  t o  
t h e  s u r f a c e .  S a m p l e s  1  c m  b y  1  c m  b y  a p p r o x i m a t e l y  1  mm 
t h i c k  w e r e  c u t  w i t h  a  d i a m o n d  s a w  f r o m  a  g e r m a n i u m  r o d  
( d e t a i l s  o f  t h B  g e r m a n i u m  m a t e r i a l s  u s e d  a r e  g i v e n  i n  
A p p e n d i x  I I I ) .  T h e  s a m p l e s  w e r e  t h e n  v e r y  c a r e f u l l y  
p o l i s h e d  o n  o n e  s i d e  u s i n g  6 0 0  g r a d e  d i a m o n d  p a s t e .  I t  
w a s  f o u n d  t h a t  g r e a t  c a r e  w a s  n e e d e d ,  p a r t i c u l a r l y  n e a r  
t h e  e n d  o f  t h i s  s t a g e ,  t o  a v o i d  s c r a t c h e s  t o  t h e  m i r r o r
f i n i s h  w h i c h  w a s  o b t a i n e d .  T h e  s a m p l e s  w e r e  t h e n  e t c h e d
i n  C P 4  s o l u t i o n  f o r  a b o u t  1  m i n u t e  t o  r e m o v e  t h e  m e c h a n i c a l l y -  
d a m a g e d  m a t e r i a l .
C P 4  s o l u t i o n  i s  m a d e  u p  a s  f o l l o w s :
N i t r i c  A c i d  5  p a r t s  b y  v o l u m e
H y d r o f l u o r i c  A c i d  3  p a r t s  b y  v o l u m e
A t  t h i s  s t a g e  a n y  d a m a g B  t o  t h e  s u r f a c e  c a u s e d  d u r i n g  
t h e  p o l i s h i n g  s t a g e  r e s u l t e d  i n  a  d i f f e r e n t i a l  e t c h  r a t e  a n d  
t h e  f o r m a t i o n  o f  e t c h  p i t s  a n d  o t h e r  u n w a n t e d  b l e m i s h e s .
D u r i n g  t h e  e t c h i n g  p r o c e s s  i t  w a s  n e c e s s a r y  t o  a g i t a t e  t h e  
s a m p l e  c o n t i n u o u s l y  o t h e r w i s e  b u b b l e s  p r o d u c e d  d u r i n g  t h B  
e t c h i n g  c l u n g  t o  t h e  s u r f a c e ,  a g a i n  p r o d u c i n g  a  d i f f e r e n t i a l  
e t c h  r a t e .  T h e r e  i s  n o  d o u b t  t h a t  t h e  p r o d u c t i o n  o f  a c c e p t a b l e  
s u r f a c e s  r e q u i r e s  a  f a i r  d e g r e B  o f  m a n u a l  d e x t e r i t y  a n d  a  
c o n s i d e r a b l e  a m o u n t  o f  p r a c t i c e .
T h e  s a m p l e s  w e r e  t h e n  w a s h e d  i n  d e - i o n i s e d  w a t e r  a n d  
v a c u u m  d r i e d  i n  a  d e s i c a t o r .  V a r i o u s  a u t h o r i t i e s  s u g g e s t
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t h a t  f i n i s h e d  s p e c i m e n s  s h o u l d  b e  k e p t  u n d e r  m e t h y l  a l c o h o l  
( 5 4 )  o r  c h l o r o f o r m  ( 5 5 )  t o  a v o i d  c o n t a m i n a t i o n .
T h e  s a m p l e s  w e r e  i d e n t i f i e d  b y  a  r e f e r e n c e  n u m b e r  
s c r a t c h e d  o n  t h e  b a c k  o f  t h e  s p e c i m e n  w i t h  a  d i a m o n d  s t y l u s  
a n d  a  c o r n e r  w a s  a l s o  m a r k e d  f o r  d a t u m  p u r p o s e s .
5 . 1 . 2 . 2  C o n t a c t s
T h e  p r o b l e m  o f  m a k i n g  g o o d  o h m i c  c o n t a c t s  a t  l o w  
t e m p e r a t u r e  t o  t h e  r e q u i r e d  p o i n t s  o n  t h e  V a n  d e r  P a u w  
c l o v e r - s h a p e d  i m p l a n t  p r o v e d  e x t r e m e l y  d i f f i c u l t .  I t  h a d  
b B e n  h o p e d  t h a t  p r e s s u r e  c o n t a c t s  o n l y  w o u l d  s u f f i c e  b u t  
i n i t i a l  t r i a l s  s o o n  e s t a b l i s h e d  t h a t  s u c h  c o n t a c t s  s u f f e r e d  
f r o m  t w o  s e r i o u s  d i s a d v a n t a g e s .
a )  t h e  c o n t a c t  t o  t h e  g e r m a n i u m  s u r f a c e  
t e n d e d  t o  b e  n o t  o n l y  h i g h l y  r e s i s t i v e  
b u t  a l s o  n o n - o h m i c .
b )  i f  t o o  g r e a t  a  p r e s s u r e  w a s  a p p l i e d  t o  
r e d u c e  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  
c o n t a c t  i t  w a s  e x t r e m e l y  e a s y  t o  ' p u n c h  
t h r o u g h *  t h e  t h i n  i m p l a n t e d  l a y e r  t o  t h e  
u n d e r l y i n g  s u b s t r a t e .  F o r  t h i s  r e a s o n ,  
n e e d l e - p o i n t e d  c o n t a c t s  w e r e  s o o n  r e p l a c e d  
b y  r o u n d e d - e n d e d  c o p p e r  p i n s  a l t h o u g h  t h i s  
i n c r e a s e d  t h e  c o n t a c t - a r e a  s i z e s .
T h e  u s e  o f  a  t e c h n i q u e  d e s c r i b e d  b y  H e m m e n t  ( 5 6 ) 
u t i l i s i n g  t h e r m a l  c o m p r e s s i o n  a l l o y e d  c o n t a c t s  p r o v e d  t o  
b e  i m p r a c t i c a l  d u e  t o  t h e  d i f f i c u l t i e s  o f  m a i n t a i n i n g  t h e  
c o n t a c t s  a n d  t h e i r  l e a d s  d u r i n g  t h e  a n o d i c - o x i d a t i o n  p r o c e s s  
a n d  t h e  s u b s e q u e n t  h a n d l i n g .
T h e  u s e  o f  s i l v e r  p a i n t  a n d / o r  n i c k e l - p l a t e d  c o n t a c t  
a r e a s  a l s o  p r e s e n t e d  d i f f i c u l t i e s .  T h e  p a i n t  h a d  t o  b e  
c a r e f u l l y  r e m o v e d  e a c h  t i m e  b e f o r e  s t r i p p i n g  t o  a v o i d
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c o n t a m i n a t i o n  o f  t h e  i m p o r t a n t  i m p l a n t e d  a r e a  a n d  f o r  
b o t h  s i l v e r  p a i n t  a n d  n i c k e l  p l a t i n g  i t  w a s  v i r t u a l l y  
i m p o s s i b l e  t o  r e - e s t a b l i s h  t h e  c o n t a c t s  i n  t h e  s a m e  f o u r  
a r e a s  u n d e r  t h e  s a m e  c o n d i t i o n s .
I t  w a s  t h e r e f o r e  d e c i d e d  t o  i o n - i m p l a n t  t h e  f o u r  
c o n t a c t  a r e a s ,  a  t e c h n i q u e  p r e v i o u s l y  u s e d  b y  E l l i s  a n d  
G u n n e r s e n  ( 5 7 )  t o  m a k e  c o n t a c t s  t o  d e e p  l i t h i u m - d r i f t e d  
g e r m a n i u m  c o u n t e r s .  S i n c e  i t  w a s  i n t e n d e d  t o  u s e  n - t y p e  
g e r m a n i u m  ( s e e  A p p e n d i x  V I I )  a s  t h e  s u b s t r a t e  a n d  i s o l a t e  
t h e  m a i n  i m p l a n t e d  l a y e r  b y  c h a n g i n g  t y p e  s o  f o r m i n g  a n  
i s o l a t i n g  p - n  j u n c t i o n ,  a  p - t y p e  i o n  f o r  f o r m i n g  t h e  
c o n t a c t  a r e a s  w a s  c l e a r l y  i n d i c a t e d .  S i n c e  a l s o  t h e  
c o n t a c t  a r e a s  h a d  t o  s t i l l  e x i s t  u n t i l  t h e  m a i n  i m p l a n t  h a d  
b e e n  r e m o v e d  b y  s u c c e s s i v e  s t r i p s ,  a n  a c c e p t o r  i o n  o f  l o w  
m a s s  ( f o r  g r e a t e r  p e n e t r a t i o n )  w a s  r e q u i r e d  a n d  h e n c e  B o r o n  
w a s  s e l e c t e d .
I n  o r d e r  t o  c h a n g e  t y p e  a n d  t o  p r o d u c e  a  n e a r - u n i f o r m
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d i s t r i b u t i o n  d o s e s  o f  a p p r o x i m a t e l y  2 * 2  x  1 0  i o n s / c m  
a t  e n e r g i e s  o f  4 0 ,  7 0  a n d  1 0 0  k e V ,  g i v i n g  a  t o t a l  d o s a  o f  
a b o u t  6 ° 6  x  1 0  i o n s / c m  , w e r e  i n j e c t e d  i n t o  e a c h  s a m p l e  
t h r o u g h  a  s u i t a b l y - s h a p e d  m a s k .
A c t u a l  s a m p l e  o f  
m a s k  u s e d
E a c h  o f  t h e  c o n t a c t  a r e a s  f o r m e d  a  s m a l l  p - n  j u n c t i o n
w i t h  t h e  s u b s t r a t e  m a t e r i a l  a n d  F i g u r e  5 . 1  s h o w s  t y p i c a l
v o l t a g e / c u r r e n t  c h a r a c t e r i s t i c s  b e f o r e  a n d  a f t e r  a n n e a l i n g
o
f o r  3 0  m i n u t e s  a t  5 0 0  C  i n  a n  i n e r t  a t m o s p h e r e  t o  r e m o v e  t h e  
r a d i a t i o n  d a m a g e  p r o d u c e d  b y  B o r o n  i o n s .  A s  d i s c u s s e d  i n
5 2
F I G U R E  5 . 1  T y p i c a l  v o l t a g e / c u r r e n t  c h a r a c t e r i s t i c s
o f  c o n t a c t  a r e a s  b e f o r e  a n d  a f t e r  
a n n e a l i n g
B r o k e n  l i n e  ; b e f o r e  a n n e a l  
S o l i d  l i n e  ; a f t e r  a n n e a l  
M e a s u r e m e n t s  a t  r o o m  t e m p e r a t u r e
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S e c t i o n  6 . 1 . 2  r e s i s t i v i t y  i n c r e a s e s  w i t h  a n n e a l i n g  
p r o b a b l y  d u e  t o  t h e  r e d u c t i o n  o f  r a d i a t i o n - d a m a g e  
c e n t r e s  t h a t  a r e  a c t i n g  a s  e l e c t r i c a l l y - a c t i v e  s i t e s .
I t  w a s  a p p a r e n t  t h a t  a l t h o u g h  t h e  c o n t a c t  a r e a s  
e x h i b i t e d  r e c t i f y i n g  p r o p e r t i e s ,  t h e y  w e r e  p o o r  i s o l a t i n g  
d i o d e s  a t  b o t h  r o o m  t e m p e r a t u r e  a n d  a t  - 3 0  C  ( l i q u i d  F r e o n  
t e m p e r a t u r e )  a t  w h i c h  i t  h a d  b e e n  h o p e d  t h e  e x p e r i m e n t a l  
w o r k  c o u l d  b e  p e r f o r m e d .  S i n c e  i t  w a s  e s s e n t i a l  f o r  t h e  
e x t r e m e l y  d e l i c a t e  m e a s u r e m e n t s  i n v o l v e d  t h a t  l e a k a g e  
c u r r e n t s  w e r e  r e d u c e d  t o  a  m i n i m u m ,  i t  w a s  n e c e s s a r y  t o  
r e d u c e  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  m e a s u r e m e n t s  w e r e  m a d e  
t o  t h a t  o f  l i q u i d  n i t r o g e n  ( " ^ 1 0 0 ° K ) .  T h i s  n e c e s s i t a t e d  t h e  
u s e  o f  g a l l i u m - i n d i u m  e u t e c t i c  ( G a  20%% I n  8 0 ^ )  b e t w e e n  t h e  
c o p p e r  c o n t a c t  p i n s  a n d  t h e  i m p l a n t e d  c o n t a c t  a r e a s  t o  
i m p r o v e  t h e  o h m i c  c o n d i t i o n s .  T o  a v o i d  c o n t a m i n a t i o n  o f  t h e  
m a i n  i m p l a n t e d  a r e a  i t  w a s  f o u n d  e s s e n t i a l  t h a t  t h e  e u t e c t i c  
w a s  r e m o v e d  w i t h  c a r b o n  t e t r a c h l o r i d e  o r  t r i c h l o r e t h y l e n e  
a f t e r  e a c h  s e t  o f  m e a s u r e m e n t s  a n d  b e f o r e  a n  a n n e a l i n g  o r  
a n o d i c - o x i d a t i o n  s t r i p .
W i t h  l a t e r  s p e c i m e n s ,  d u e  t o  d i f f i c u l t i e s  b e i n g  
e x p e r i e n c e d  w i t h  t h e  A . W . R . E .  a c c e l e r a t o r s  i n  o b t a i n i n g  
B o r o n  i o n s  a t  s u i t a b l e  e n e r g i e s  a n d  t h e  n e e d  t o  c o m p l e t e  t h e  
e x p e r i m e n t a l  p r o g r a m m e ,  c o n t a c t  a r e a s  w e r e  f o r m e d  b y  i m p l a n t i n g  
w i t h  G a l l i u m  i o n s  a t  3 5  a n d  6 0  k e V .  A l t h o u g h  t i m e  d i d  n o t  
p e r m i t  e x h a u s t i v e  t e s t s  b e t w e e n  t h e  G a l l i u m  a n d  B o r o n  i m p l a n t e d  
c o n t a c t  a r e a s  i t  w a s  c o n s i d e r e d  t h a t  t h e  G a  i o n s  p r o v e d  l e s s  
s a t i s f a c t o r y  a n d  a  n u m b e r  o f  s p e c i m e n s  h a d  t o  b e  r e j e c t e d  
b e c a u s e  o f  c o n t a c t  d i f f i c u l t i e s .
5 . 1 . 2 . 3  V a n  d e r  P a u w  I m p l a n t s
A f t e r  t h e  c o n t a c t  a r e a s  h a d  b e e n  i m p l a n t e d ,  a n n e a l e d  a n d  
t e s t e d ,  t h e  i o n s  o f  i n t e r e s t  w e r e  i m p l a n t e d  i n t o  e a c h  s a m p l e
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i n  t h e  V a n  d e r  P a u w  c o n f i g u r a t i o n  u s i n g  a  s u i t a b l y - s h a p e d  
m a s k .
A c t u a l  s a m p l e  o f  
m a s k  u s e d .
I n  m o u n t i n g  b o t h  t h e  c o n t a c t  a r e a  m a s k  a n d  t h e  c l o v e r -  
s h a p e  m a s k ,  c a r e  w a s  t a k e n  t o  s e e  t h a t  t h e y  w e r e  a l i g n e d  w i t h  
t h e  d a t u m  c o r n e r  o f  t h e  s p e c i m e n .
T o  m i n i m i s e  c h a n n e l l i n g  t h e  s p e c i m e n s  w e r e  m o u n t e d  s o
t h a t  t h e  ^ 1 1 1 ^  p l a n e s  w e r e  7 °  f r o m  t h e  p l a n e  n o r m a l  t o  t h e
i o n  b e a m .
5 . 1 . 3  S p e c i m e n  M o u n t i n g
I t  w a s  c l e a r l y  n e c e s s a r y  t h a t  i n  a d d i t i o n  t o  a  s a t i s f a c t o r y
m e a n s  b e i n g  f o u n d  t o  m a k e  c o n t a c t  t o  t h e  c l o v e r - s h a p e  i m p l a n t ,
t h e  s p e c i m e n  w a s  m o u n t e d  i n  a  s u i t a b l e  p o s i t i o n  b e t w e e n  t h e  p o l e s
o f  a  m a g n e t  f o r  t h e  H a l l  e f f e c t  m e a s u r e m e n t  w i t h  s u i t a b l e  p r o v i s i o n
o
f o r  m a i n t a i n i n g  a  t e m p e r a t u r e  o f  a b o u t  1 0 0  K .
T h e  p h o t o g r a p h  i n  F i g u r e  5 . 2  s h o w s  t h e  s p e c i m e n  h o l d e r  t h a t  
w a s  c o n s t r u c t e d  f o r  t h e  p u r p o s e  w i t h  t h e  f o u r  c o n t a c t s  p a s s i n g  
t h r o u g h  t h e  a n o d i s e d - a l u m i n i u m  c o v e r  p l a t e  t o  t h e  s p e c i m e n .  
O r i g i n a l l y  a  p e r s p e x  c o v e r  p l a t e  w a s  u s e d  b u t  t h i s  w a s  c h a n g e d  t o
f a c i l i t a t e  m o r e  r a p i d  c o o l i n g  o f  t h e  s p e c i m e n .
I n  t h e  p h o t o g r a p h  i n  F i g u r e  5 . 3  t h e  c o v e r  p l a t e  h a s  b e e n  
r e m o v e d  t o  s h o w  t h e  s p e c i m e n  i n  p o s i t i o n  i n  i t s  r e c e s s  i n  t h e  
b o t t o m  p a r t  o f  t h e  j i g .  T h e  l o c a t i o n  a r r a n g e m e n t ,  w h i c h  c a n n o t  b e  
s e e n  c l e a r l y  i n  t h e  p h o t o g r a p h ,  d e p e n d e d  o n  t h e  u s e  o f  t h e  d a t u m  
c o r n e r  o f  t h e  s p e c i m e n  b e i n g  l o c a t e d  b e t w e e n  t w o  a d j a c e n t  ' d a t u m '  
s i d e s  o f  t h e  r e c e s s .  T h e  g a l l i u m - i n d i u m  e u t e c t i c  u s e d  f o r  m a k i n g
good contact both on the contact areas and between the back of the
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F I G U R E  5 . 2  P h o t o g r a p h  o f  s p e c i m e n  h o l d e r  w i t h
c o v e r  p l a t e  i n  p o s i t i o n
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F I G U R E  5 . 3  P h o t o g r a p h  o f  s p e c i m e n  h o l d e r
w i t h  c o v e r  p l a t e  r e m o v e d
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s p e c i m e n  a n d  t h e  j i g  c a n  b e  c l e a r l y  s e e n .
T h e  j u n c t i o n  o f  a  T } / A d v a n c e  t h e r m o c o u p l e  w a s  i n s e r t e d  i n t o  
a  h o l e  d r i l l e d  w i t h  t h e  b a c k  o f  t h e  s p e c i m e n  j i g  s o  t h a t  i t  w a s  
p o s i t i o n e d  j u s t  b e n e a t h  t h e  s p e c i m e n .  T h e  h o l e  i t s e l f  w a s  f i l l e d  
w i t h  g a l l i u m - i n d i u m  e u t e c t i c  i n  o r d e r  t o  p r o v i d e  g o o d  t h e r m a l  
c o n t a c t  b e t w e e n  t h e  t h e r m o c o u p l e  a n d  t h e  c o p p e r  b a s e  o f  t h B  
s p e c i m e n  j i g .
A  g e n e r a l  v i e w  o f  t h e  m e a s u r i n g  a p p a r a t u s  c a n  b e  s e e n  i n  t h e  
p h o t o g r a p h  i n  F i g u r e  5 . 4 .  O n  t h e  l e f t - h a n d  s i d e  c a n  b e  s e e n  t h e  
6- d i g i t  v o l t m e t e r ,  t h e  c u s t o m - b u i l t  s w i t c h i n g  r i g  a n d  t h e  m a g n e t  
p o w e r  s u p p l y .  I n  t h e  c e n t r e  i s  t h e  v a c u u m  g a u g e  a n d  a t  t h e  r i g h t  
i s  t h e  t o p  o f  t h e  s p e c i m e n  h o l d e r  m o u n t e d  v e r t i c a l l y  b e t w e e n  t h e  
p o l e s  o n  t h e  m a g n e t  w h i c h  i s  s t a n d i n g  o n  t o p  o f  t h e  v a c u u m  p u m p .
T h e  D e w a r  f l a s k  i n  w h i c h  t h e  s p e c i m e n  i n  i t s  j i g  w a s  i m m e r s e d  i n  
l i q u i d  n i t r o g e n  i s  h i d d e n  b e t w e e n  t h e  , m a g n e t  p o l e s  b u t  t h e  D e w a r  
f l a s k  f o r  h o l d i n g  t h e  o t h e r  t h e r m o c o u p l e  j u n c t i o n  i n  m e l t i n g  i c e  
i n  o r d e r  t o  m o n i t o r  t h e  s p e c i m e n  t e m p e r a t u r e  c a n  b e  s e e n  a l o n g s i d e  
t h e  t o p  o f  t h e  s p e c i m e n  h o l d e r .  T h e  s m a l l  s w i t c h i n g  b o x  i n  f r o n t  
o f  t h e  s w i t c h i n g  r i g  a l l o w e d  t h e  d i g i t a l  v o l t m e t e r  t o  b e  u s e d  t o  
m e a s u r e  t h e  t h e r m o - e l e c t r i c  v o l t a g e  i n . a d d i t i o n  t o  t h e  o t h e r  
m e a s u r e m e n t s .  A l l  c o n n e c t i o n s  w e r e  m a d e  b y  s c r e e n e d  l e a d s .
5 . 1 . 4  R e s i s t i v i t y / H a l l  e f f e c t  s w i t c h i n g  r i g
U s i n g  t h e  V a n  d e r  P a u w  c o n f i g u r a t i o n . m e a n t  t h a t  f o u r  p o s i t i o n s  
o f  v o l t a g e  a n d  c u r r e n t  c o n t a c t s  w e r e  p o s s i b l e  a n d  i f  t h i s  i s  
c o m b i n e d  w i t h  c u r r e n t  r e v e r s a l  t h e n  e i g h t  s e p a r a t e  s e t s  o f  c u r r e n t  
a n d  v o l t a g e  v a l u e s  w e r e  r e q u i r e d  f o r  a  r e s i s t i v i t y  m e a s u r e m e n t .  
S i m i l a r l y ,  f o u r  p o s i t i o n s  o f  v o l t a g e  a n d  c u r r e n t  c o n t a c t s  w e r e  
p o s s i b l e  f o r  H a l l  e f f e c t  m e a s u r e m e n t s  a n d  t h i s  c o m b i n e d  w i t h  b o t h  
c u r r e n t  r e v e r s a l  a n d  m a g n e t i c  f i e l d  r e v e r s a l  m e a n t  t h a t  s i x t e e n  
s e p a r a t e  s e t s  o f  c u r r e n t  a n d  v o l t a g e  v a l u e s  w e r e  r e q u i r e d  f o r  a  
H a l l  e f f e c t  m e a s u r e m e n t .  I t  w a s  c l e a r l y  e s s e n t i a l  t o  h a v e  a
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F I G U R E  5 . 4 P h o t o g r a p h  o f  H a l l  e f f e c t  a n d  
c o n d u c t i v i t y  m e a s u r i n g  a p p a r a t u s
c o n v e n i e n t  a n d  r a p i d  m e t h o d  o f  m a k i n g  t h e  d e s i r e d  c o n n e c t i o n s  
i n  o r d e r  t o  m i n i m i s e  t h e  e f f e c t  o f  t e m p e r a t u r e  v a r i a t i o n  d u r i n g  
t h e  p r o c e s s  o f  m a k i n g  a  s e t  o f  r e a d i n g s .  A  c u s t o m - b u i l t  s w i t c h i n g  
r i g  w a s  t h e r e f o r e  d e s i g n e d  b y  t h e  a u t h o r  a n d  c o n s t r u c t e d  b y  t h e  
U n i v e r s i t y  t e c h n i c i a n s  a n d  i t s  c i r c u i t  d i a g r a m  i s  g i v e n  i n  
F i g u r e  5 . 5 .
M a g n e t i c  f i e l d  r e v e r s a l  w a s  a c h i e v e d  b y  r e v e r s i n g  t h e  c u r r e n t  
s u p p l i e d  t o  t h e  m a g n e t s  a n d  a  s w i t c h  f o r  t h i s  p u r p o s e  w a s  p o s i t i o n e d  
a t  t h e  e x t r e m e  r i g h t - h a n d  e n d  o f  t h e  m a g n e t  a s s e m b l y .  U n f o r t u n a t e l y  
t h e  r e g u l a t e d  m a g n e t  p o w e r  s u p p l y  h a d  t o  b e  r e d u c e d  t o  z e r o  e a c h  
t i m e  b e f o r e  t h e  s w i t c h  c o u l d  b e  a c t i v a t e d .
5 . 1 . 5  T e m p e r a t u r e  C o n t r o l
A s  h a s  b e e n  s t a t e d  i t  w a s  f o u n d  n e c e s s a r y  t o  c o n d u c t  a l l  
m e a s u r e m e n t s  a t  l o w  t e m p e r a t u r e  i n  o r d e r  t o  i m p r o v e  t h e  i s o l a t i o n  
o f  t h e  j u n c t i o n  b e t w e e n  t h e  i m p l a n t e d  l a y e r  a n d  t h e  s u b s t r a t e .  
O r i g i n a l l y  t h e  s p e c i m e n  w a s  m o u n t e d  o n  i t s  j i g  o n  t h e  e n d  o f  a  
c o l d  f i n g e r  i n s i d e  a  v a c u u m  c h a m b e r .  T h i s  g a v e  g o o d  t h e r m a l  
s t a b i l i t y  b u t  t h e  d i s a d v a n t a g e  o f  t h i s  a r r a n g e m e n t  w a s  t h e  
r e l a t i v e l y  l o n g  c y c l i n g  t i m e  r e q u i r e d  i n  o r d e r  t o  e v a c u a t e  t h e  
c h a m b e r  b e f o r e  c o o l i n g .  I n  v i e w  o f  t h e  p a r t - t i m e  n a t u r e  o f  t h e  
e x p e r i m e n t a l  w o r k  t h i s  l o n g  c y c l i n g  t i m e  w a s  n o t  a c c e p t a b l e  a n d  
h e n c e  a t  l a t e r  s t a g e s  c o o l i n g  w a s  a c h i e v e d  b y  d i r e c t  i m m e r s i o n  
o f  t h e  s p e c i m e n  i n  i t s  j i g  i n t o  l i q u i d  n i t r o g e n  c o n t a i n e d  i n  a  
D e w a r  f l a s k  m o u n t e d  b e t w e e n  t h e  m a g n e t  p o l e s .  T h i s  a r r a n g e m e n t  
h a d  t h e  d i s a d v a n t a g e  o f  a  c e r t a i n  a m o u n t  o f  t e m p e r a t u r e  i n s t a b i l i t y  
s i n c e  a l t h o u g h  t h e  c o p p e r  s p e c i m e n  j i g  a c t e d  a s  a  h e a t  s i n k ,  t h e  
n e c e s s i t y  t o  k e e p  i t  a n d  t h e  D e w a r  f l a s k  a s  s m a l l  a s  p o s s i b l e  t o  
a c h i e v e  m i n i m u m  s p a c i n g  o f  t h e  m a g n e t i c  p o l e s  ( f o r  h i g h  a n d  u n i f o r m  
m a g n e t i c  f l u x  i n  t h e  a r e a  o f  t h e  s p e c i m e n )  m e a n t  t h a t  c o n t i n u a l  
r e p l a c e m e n t  o f  t h e  e v a p o r a t e d  l i q u i d  n i t r o g e n  w a s  n e c e s s a r y .  A n  
a d d i t i o n a l  d i s a d v a n t a g e  o f  d i r e c t  i m m e r s i o n  w a s  t h a t  t h e  s p e c i m e n
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F I G U R E  5 . 5  C i r c u i t  d i a g r a m  o f  t h e  c u s t o m - b u i l t
R e s i s t i v i t y / H a l l  e f f e c t  s w i t c h i n g  r i g
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o n  l o w e r i n g  a n d  r a i s i n g  t h e  t e m p e r a t u r e .  T h e  a b s e n c e  o f  a  v a c u u m
a l s o  m e a n t  t h a t  f o r m a t i o n  o f  i c e  t o o k  p l a c e  o n  t h e  s p e c i m e n  a n d
i t s  j i g .  F o r t u n a t e l y  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  i c e  i s
e x t r e m e l y  l o w  a t  t e m p e r a t u r e s  b e l o w  0 ° C  ( A p p e n d i x  \l) a n d  p a r t i c u l a r l y
©
a t  t h e  t e m p e r a t u r e  o f  l i q u i d  n i t r o g e n  ( 1 0 0  K )  a n d  t h e r e f o r e  d i d  
n o t  p r o v i d e  a l t e r n a t i v e  c u r r e n t  f l o w  p a t h s .
5 . 2  A n o d i c - Q x i d a t i o n  L a y e r  R e m o v a l
T h e  g e n e r a l  a r r a n g e m e n t  o f  t h e  a n o d i c - o x i d a t i o n  b a t h  a n d  t h e  
a s s o c i a t e d  e q u i p m e n t  i s  s h o w n  i n  t h e  p h o t o g r a p h  i n  F i g u r B  5 . 6 .  O n  t h e  
l e f t  ( t o p )  i s  t h e  c o n s t a n t - v o l t a g e  r e g u l a t e d  s u p p l y  w h i c h  w a s  c o n v e r t e d  
t o  a  c o n s t a n t - c u r r e n t  s o u r c e  f o r  t h e  s p e c i m e n  b y  u s i n g  a  h i g h  v a l u e  
( 1 ° 2  M i x )  s e r i e s  r e s i s t o r .  B e n e a t h  t h e  p o w e r  s u p p l y  i s  t h e  e l e c t r o -  
p o l i s h e r  p o w e r - s u p p l y  u n i t  w h i c h  c o n t r o l s  t h e  s p e e d  o f  t h e  p u m p  a n d  
t h e r e f o r e  t h e  j e t  o f  e l e c t r o l y t e  t o  t h e  s p e c i m e n  w h i c h  i s  m o u n t e d  i n  t h e  
b a t h  s e e n  a t  t h e  f a r  r i g h t  o f  t h e  p h o t o g r a p h .
I n  t h e  c e n t r e  i s  a n  X - V  r e c o r d e r  f o r  p l o t t i n g  t h e  v o l t a g e / t i m e  
c u r v e  a n d  t o  t h e  r i g h t  o f  t h e  p l o t t e r  i s  a  c u s t o m - m a d e  r i g  f o r  a d j u s t i n g  
a n d  m o n i t o r i n g  t h e  c u r r e n t  t h r o u g h  t h e  s p e c i m e n .
T h e  p h o t o g r a p h  i n  F i g u r e  5 . 7  s h o w s  a  c l o s e r  v i e w  o f  t h e  e l e c t r o ­
p o l i s h e r  u n i t .  T h e  s q u a r e  s p e c i m e n  c a n  b e  s e e n  w i t h  i t s  i m p l a n t e d  
s u r f a c e  f a c e  d o w n  i n  t h e  c e n t r e  w i t h  t h e  p o s i t i v e - v o l t a g e  s p r i n g  c o n t a c t  
h o l d i n g  t h e  s p e c i m e n  i n  p l a c e .  T h e  n e g a t i v e - . v o l t a g e  l e a d  t o  t h e  
e l e c t r o l y t e  c a n  b e  s e e n  t o  t h e  r i g h t .  T h e  o u t s i d e  e d g e  o f  t h e  r u b b e r  
g a s k e t  w h i c h  d e f i n e d  t h e  a r e a  t o  b e  a n o d i s e d  c a n  b e  s e e n  b e n e a t h  t h e  
s p e c i m e n .
T h e  p h o t o g r a p h  i n  F i g u r e  5 . 8  s h o w s  t h e  u n d e r s u r f a c e  o f  t h e  
B l e c t r o p o l i s h e r  u n i t  t o p  w i t h  t h e  p u m p  u n i t  a t  t h e  b o t t o m  a n d  t h e  
a r r a n g e m e n t  f o r  f e e d i n g  t h e  p u m p e d  e l e c t r o l y t e  t o  t h e  i m p l a n t e d  s u r f a c e  
o f  t h e  s p e c i m e n .  T h e  c o n n e c t i o n  f r o m  t h e  n e g a t i v e  t e r m i n a l  t o  t h e  
p u m p i n g  t u b B  c a n  b e  s e e n .  T h e  o t h e r  t u b e  s h o w n  i s  f o r  c i r c u l a t i n g  
c o o l i n g  o r  h e a t i n g  f l u i d  b u t  t h i s  f a c i l i t y  w a s  n o t  u s e d .
was subjected to a considerable degree of thermal shock, both
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F I G U R E  5 . 6  P h o t o g r a p h  s h o w i n g  t h e  g e n e r a l
a r r a n q e m e n t  o f  t h e  a n o d i c - o x i d a t i o n  
a p p a r a t u s
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F I G U R E  5 . 7  P h o t o o r a p h  o f  t h e  e l e c t r o p o l i s h e r  u n i t
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F I G U R E  5 . 8  P h o t o g r a p h  s h o w i n g  t h e  u n d e r s i d e  o f
t h e  e l e c t r o p o l i s h e r  u n i t
6 5
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T h e  e l e c t r o l y t e  u s e d  w a s  0 » 2 5  N .  s o l u t i o n  o f  a n h y d r o u s  s o d i u m  
a c e t a t e  i n  g l a c i a l  a c e t i c  a c i d  s t a b i l i s e d  w i t h  0 ° 5 $  w a t e r .  T h e  a c t u a l  
s o l u t i o n  w a s  m a d e  u p  a s  f o l l o w s :
S o d i u m  A c e t a t e  2 0 ° 5 1  gm
A c e t i c  A c i d  1 l i t r e
D i s t i l l e d  W a t e r  5  m l .
. T h e  m o t o r  s p e e d  s e t t i n g  w a s  4 0  a n d  t h e  c u r r e n t  d e n s i t y  w a s  
4 0 Q ^ i A / c m 2 o T h e  a r B a  b e i n g  a n o d i s e d  a s  d e f i n e d  b y  t h e  r u b b e r  g a s k e t
n e *w a s  0 * 5  c m  .
I t  w a s  f o u n d  d i f f i c u l t  i n  p r a c t i c e  t o  a c h i e v e  a n  o x i d e  f i l m  w h i c h  
g a v e  a  v o l t a g e  d r o p  o f  2 * 5  v o l t s  w h i c h  i n  t h e o r y  i n d i c a t e d  a  5 0  A  
g e r m a n i u m  l a y e r  ( s e e  S e c t i o n  4 . 4  a n d  F i g u r e  4 . 3 ) .  I n  t h e  e x p e r i m e n t s ,
v o l t a g e  d r o p s  o f  3 vj- a n d  4  v o l t s  w e r e  u s e d  w h i c h  i n  t h e o r y  i n d i c a t e
o &
l a y e r s  o f  7 0  A  a n d  8 0  A  r e s p e c t i v e l y .
T h e  g e r m a n i u m  o x i d e  f i l m  w a s  r e m o v e d  b y  0 ° 1  N  s o l u t i o n  o f  s o d i u m  
h y d r o x i d e  a n d  t h e n  t h o r o u g h l y  w a s h e d  i n  d e - i o n i s e d  w a t e r  a n d  t h e  s a m p l e  
t h e n  v a c u u m  d r i e d  i n  a  d e s i c a t o r .
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CHAPTER 6 EXPERIMENTAL RESULTS
6 . 1  P r e l i m i n a r y  I n v e s t i g a t i o n s
6 . 1 . 1  E x t e r n a l  B i a s i n g
A s  d i s c u s s e d  e l s e w h e r e ,  a t  r o o m  t e m p e r a t u r e ,  t h e  p - n  j u n c t i o n  
b e t w e e n  t h e  i m p l a n t e d  c o n t a c t  a r e a s  a n d  t h e  s u b s t r a t e  a n d  b e t w e e n  
t h e  V a n  d e r  P a u w  i m p l a n t  a n d  t h e  s u b s t r a t e  a l t h o u g h  e x h i b i t i n g  
■ r e c t i f y i n g  p r o p e r t i e s  w a s  a n  e x t r e m e l y  p o o r  ' d i o d e * .  H e n c e  t h e  
i s o l a t i n g  p r o p e r t y  o f  t h e  s e l f - b i a s i n g  j u n c t i o n  d i d  n o t  p r e v e n t  
a  c o n s i d e r a b l e  p o r t i o n  o f  t h e  c u r r e n t  f l o w i n g  b e t w e e n  t h e  c o n t a c t s  
f r o m  p a s s i n g  t h r o u g h  t h e  s u b s t r a t e .  I n d e e d  m e a s u r e m e n t s  s u g g e s t e d  
t h a t  t h e  m e t a l  j i g  i t s e l f  w a s  h a v i n g  a  s e r i o u s  s h o r t - c i r c u i t  e f f e c t .
T h e  s h o r t i n g  e f f e c t  o f  t h e  m e t a l  j i g  c o u l d  b e  o v e r c o m e  b y  
e l e c t r i c a l l y  i s o l a t i n g  t h e  s p e c i m e n  f r o m  t h e  j i g  b y  a  l a y e r  o f  
p o l y t h e n e  a n d  i n  o r d e r  t o  i n c r e a s e  t h e  i s o l a t i o n  o f  t h e  p - n  
j u n c t i o n s  a  r e v e r s e  e x t e r n a l  b i a s  w a s  a p p l i e d  b e t w e e n  t h e  b a c k  
o f  t h e  s u b s t r a t e  a n d  o n e  o f  t h e  c o n t a c t s .  H o w e v e r ,  i t  w a s  f o u n d  
t h a t  s u c h  b i a s i n g  p r o d u c e d  a  s t a n d i n g  v o l t a g e  w h i c h  t e n d e d  t o
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s w a m p  t h e  s m a l l  v o l t a g e s  t o  b e  m e a s u r e d  a n d  b e c a u s e  o f  t h e  p o o r  
r e c t i f y i n g  p r o p e r t i e s  a c t u a l l y  i n c r e a s e d  t h e  t o t a l  l e a k a g e  c u r r e n t .  
F i g u r e  6 . 1  s h o w s  i n c r e a s e  o f  l e a k a g e  c u r r e n t  ( a n d  e f f e c t  o n  t h e  
W 1/*  r e l a t i o n s h i p )  a s  a  f u n c t i o n  o f  t h e  r e v e r s e  b i a s  v o l t a g e .
I t  w a s  t h e r e f o r e  c o n c l u d e d  t h a t  t h e  o n l y  s a t i s f a c t o r y  m e t h o d  
o f  i n c r e a s i n g  t h e  i s o l a t i o n  o f  t h e  p - n  j u n c t i o n  w a s  t o  r e d u c e  t h e  
t e m p e r a t u r e  a t  w h i c h  m e a s u r e m e n t s  w e r e  t a k e n  ( i n  p r a c t i c e  n e a r  
l i q u i d - n i t r o g e n  t e m p e r a t u r e s  w e r e  a c h i e v e d )  w h e n  t h e  r e c t i f y i n g  
p r o p e r t i e s  o f  t h e  j u n c t i o n  w e r B  i m p r o v e d  ( s b s  f o l l o w i n g  S e c t i o n  
6 . 1 . 2 ) .
6 . 1 . 2  V a r i a t i o n  o f  R e s i s t i v i t y  w i t h  T e m p e r a t u r e
B e c a u s e  o f  t h e  c o n c e r n  t h a t  w a s  f e l t  o v e r  t h e  p r o b l e m s  o f  
e f f e c t i v e l y  i s o l a t i n g  t h e  i m p l a n t e d  l a y e r  f r o m  t h e  s u b s t r a t e ,  i t  
w a s  d e c i d e d  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  r e d u c i n g  t h e  t e m p e r a t u r e .  
S a m p l e s  w e r e  i m p l a n t e d  w i t h  G a l l i u m  o r  I n d i u m  a t  a n  e n e r g y
ll . g
o f  4 0  k e V  a n d  w i t h  d o s e s  r a n g i n g  f r o m  1 x  1 0  t o  3  x  1 0  i o n s / c m  .
j ?  T T  Vo &
F r o m  ■ ^  ' Z / T  9 4 b e  v a 4 u e  a s  a
f u n c t i o n  o f  t h e  t e m p e r a t u r e  o f  m e a s u r e m e n t  i s  p l o t t e d  f o r  G a  i n
F i g u r e  6 . 2  a n d  f o r  I n  i n  F i g u r e  6 . 3 .
T h e  c u r v e s  i n d i c a t e  t h a t  t h e r e  w a s  a  m a r k e d  c h a n g e  a t  t e m p e r a -  
©
t u e s  b e l o w  2 5 0  K .  I t  w o u l d  a p p e a r  t h a t  a t  h i g h e r  t e m p e r a t u r e s  t h e
p - n  j u n c t i o n  b e t w e e n  t h e  i m p l a n t e d  l a y e r  a n d  t h e  s u b s t r a t e  h a s
s u c h  p o o r  i s o l a t i o n  t h a t  c u r r e n t  c o n d u c t i o n  t h r o u g h  t h e  s u b s t r a t e
o
d o m i n a t e s  b u t  b e l o w  2 5 0  K  t h e  p - n  j u n c t i o n  b e c o m e s  m u c h  m o r e  
e f f i c i e n t  a n d  e f f e c t i v e l y  i s o l a t e s  t h e  i m p l a n t e d  l a y e r  s o  t h a t  
c u r r e n t  c o n d u c t i o n  t h r o u g h  t h e  l a y e r  d o m i n a t e s  a n d  t h e  r e s i s t i v i t y  
b e c o m e s  p r o p o r t i o n a l  t o  t h e  i m p l a n t e d  d o s e .
I n  F i g u r e  6 . 3  i t  c a n  a l s o  b e  s e e n  t h a t  t h e  e f f e c t  o f  a n n e a l i n g
i s  t o  i n c r e a s e  t h e  r e s i s t i v i t y  b y  p r e s u m a b l y  r e d u c i n g  t h e  r a d i a t i o n
d a m a g e  c e n t r e s  t h a t  a r e  a c t i n g  a s  e l e c t r i c a l l y - a c t i v e  s i t e s ,  t h e
t e m p e r a t u r e  a t  w h i c h  t h e  c h a n g e o v e r  t a k e s  p l a c e  r e m a i n i n g  u n c h a n g e d
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F I G U R E  6 . 1  V a r i a t i o n  i n  l a a k a g e  c u r r e n t  a n d  t h e
v a l u e  o f  a s  a  f u n c t i o n  o f  t h e
V
r e v e r s e  b i a s  v o l t a g e  f o r  i m p l a n t e d  
G a  i o n s
1  x  l o ' 2, G a  i o n s / c m  ^  a t  4 0  k e V .  
M e a s u r e d  a t  r o o m  t e m p e r a t u r e .
S o l i d  l i n e :  l e a k a g e  c u r r e n t
Broken line:
•K - ' * 10*)
F I G U R E  6 * 2  V a r i a t i o n  o f  A  a s  a  F u n c t i o n  o f
t e m p e r a t u r e  f o r  G a  i m p l a n t s 70
Implants at 40 keV
tn s .
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FIGURE 6 .3  V a r ia t io n  o f  J  as a fu n c t io n  o f
te m p e ra tu re  f o r  In  im p la n ts
Im p la n ts  a t  40 keV. Annealed a t  50Qe C 
f o r  45 m in u te s .
S o lid  l i n e s :  b e fo re  annea l
Broken l in e s :  a f t e r  annea l
6 .1 .3  C u r re n t/V o lta g e  r e la t io n s h ip  f o r  
Van de r Pauw Measurements
In  c o n s id e r in g  th e  measurement o f  r e s i s t i v i t y  ( o r  c o n d u c t iv i t y )  
and th e  H a l l  e f f e c t ,  i t  was assumed th a t  th e  c o n d it io n s  were 
is o th e rm a l i . e .  no te m p e ra tu re  g ra d ie n ts  e x is te d  in  th e  sam ples 
b e in g  s tu d ie d .
JxIn  d e f in in g  O ' =  > r - ”  in  S e c tio n  4 .3 .2 ,  i t  was assumed
th a t  E was so s m a ll t h a t  Ohms Law was obeyed. A t room te m p e ra tu re s , 
th e  maximum p e rm is s ib le  s te a d y  f i e l d  i s  u s u a l ly  l im i t e d  by S ou les 
h e a tin g  b u t a t  low  te m p e ra tu re s  a form  o f  breakdown can o ccu r in  
se m ico n d u c to r m a te r ia l  and d e v ia t io n s  from  Ohms Law have been 
re p o r te d  (3 8 ) a t  r e la t i v e l y  low  e le c t r i c  f i e l d s .  I t  was th e re fo re  
co n s id e re d  e s s e n t ia l  to  check th a t  Ohms Law was v a l id  f o r  th e  
p a r t ic u la r  c o n d it io n s  under w h ich  th e  r e s i s t i v i t y  was d e te rm in e d . 
(Ohms Law m ust a ls o  be obeyed a t  th e  s u r fa c e  c o n ta c ts  i . e .  
r e c t i f i c a t i o n  e f f e c t s  m ust n o t be p re s e n t.  T h is  a sp e c t has 
a lre a d y  been d e a l t  w ith  in  S e c tio n  5 .1 .2 .2 ) .
F ig u re  6 .4  shows th e  c u r r e n t /v o l ta g e  r e la t io n s h ip  o b ta in e d  
f o r  germanium im p la n te d  w ith  1 x 1 0 ^  Ga io n s /c m 2 a t  40 keV. The 
l in e a r  r e la t io n s h ip  v e r i f i e s  th a t  o ve r th e  ranges s e le c te d  Ohms 
Law was obeyed.
6 .2  A n n e a lin g  S tu d ie s
6 .2 .1  In t r o d u c t io n
As d is cu sse d  in  C hap te r 1, th e  heavy bombardment o f  germanium 
w ith  e n e rg e t ic  p a r t ic le s  p roduces r a d ia t io n  damage w h ich  e x h ib i t s  
p - ty p e  c h a r a c te r is t ic s  w ith  a r e s i s t i v i t y  la r g e ly  in d e p e n d e n t o f  
io n  dose b u t c lo s e  to  t h a t  found  f o r  b u lk  germanium a f t e r  h a v in g  
been s u b je c te d  to  heavy n e u tro n  doses (5 8 ) .  T h e re fo re , in  o rd e r  
to  s tu d y  th e  e le c t r i c a l  e f f e c t s  o f  th e  ch e m ica l dop ing  produced 
by th e  im p la n te d  io n s  i t  i s  necessa ry  to  remove o r  m in im ise  th e  
r a d ia t io n  damage. F u r th e r  f o r  some im p u r i t ie s  i t  i s  necessa ry  
f o r  them to  occupy s u b s t i t u t io n a l  s i t e s  in  th e  l a t t i c e  in  o rd e r
7 2
& S ’© S@@ is©  S S ©  3 0 0
FIGURE 6 .4
CURRENT,^A
C u r re n t/V o lta g e  r e la t io n s h ip  f o r  Van 
de r Pauw measurements on Ga im p la n ts
iB / &
1 x 10 Ga io n s /cm  a t  40 keV.
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Both th e se  o b je c t iv e s  can be ach ieved  by e i t h e r  m a in ta in in g  
th e  t a r g e t  a t  an e le v a te d  te m p e ra tu re  ( 425°C) d u r in g  th e
im p la n ta t io n  o r by a p p ly in g  an a n n e a lin g  s ta g e  a f t e r  a 'c o ld 1 
im p la n ta t io n .
I t  was a d e s ire d  o b je c t iv e  o f  th e  re s e a rc h  to  s tu d y  th e
a n n e a lin g  o f  v a r io u s  io n s  im p la n te d  in t o  germanium and f o r  t h is
reason a l l  im p la n ts  were c a r r ie d  o u t a t  room te m p e ra tu re  and
s u b se q u e n tly  a n n e a le d . I t  s h o u ld , however, be no ted  th a t  on th e
im p la n ta t io n  m achines used th e re  were no f a c i l i t i e s  f o r  m o n ito r in g
th e  specim en te m p e ra tu re  d u r in g  th e  p rocess  and hence a lth o u g h
low  beam c u r re n ts  were used th e re  was p ro b a b ly  some r is e  in  th e
ta r g e t  te m p e ra tu re  b u t from  th e  da ta  p u b lis h e d  by Freeman (7 5 )
i t  i s  u n l ik e ly  a t  th e  beam c u r re n t  d e n s it ie s  used th a t  th e  ta r g e t
0
te m p e ra tu re  w ould  have exceeded 150 C.
In  v iew  o f  th e  need to  i s o la t e  th e  im p la n te d  la y e r  f o r  
measurement pu rposes (see S e c tio n  5 .1 ,1  ) ,  a n n e a lin g  s tu d ie s
were r e s t r i c t e d  to  n - ty p e  s u b s tra te s  s in c e  i t  was a n t ic ip a te d  
th a t  i n i t i a l l y  th e  i s o la t in g  p -n  ju n c t io n  w ou ld  r e s u l t  from  
r a d ia t io n  damage and as th e  a n n e a lin g  p ro g re sse d  t h is  ju n c t io n  
would be m a in ta in e d  by th e  im p u r i t y  io n s .  T h is  appeared to  
p re c lu d e  p - ty p e  s u b s tra te s  a lth o u g h  a few t r i a l s  o f  P on p - ty p e  
germanium were made b e fo re  th e  d e c is io n  was ta ke n  to  c o n c e n tra te  
e x c lu s iv e ly  on n - ty p e  m a te r ia l  (see a ls o  Append ix V I I ) .
To a v o id  s u r fa c e  c o n ta m in a tio n  o f  th e  specim ens a l l  a n n e a lin g  
was c a r r ie d  o u t in  an o x y g e n -fre e  a tm osphere . I n i t i a l l y  te s ts  
were conducted  u s in g  Neon b u t i t  was found  th a t  th e  re d u c in g  
atm osphere o f  a N itro g e n /H y d ro g e n  m ix tu re  (Ng 90$ s Hg 10$) 
reduced th e  r i s k  o f  c o n ta m in a tio n  o f  th e  s u r fa c e .  Even so , s e r io u s  
c o n ta m in a tio n  o f  th e  s u r fa c e  o c c u rre d  a t  te m p e ra tu re s  in  excess o f
O
550 C a lth o u g h  th e  e x a c t n a tu re  o f  th e  c o n ta m in a n ts  was n o t known 
and a number o f  sam ples were l o s t  due to  t h is  cause .
t o  e x h i b i t  e l e c t r i c a l  c h a r a c t e r i s t i c s  ( s e e  S e c t i o n  3 . 1 . 1 ) .
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I t  was o f  in t e r e s t ,  p r io r  to  th e  d e ta i le d  a n n e a lin g  s tu d ie s ,  
to  co n d u c t some p r e l im in a r y  in v e s t ig a t io n s  to  d e te rm in e  th e  range 
o f  va lu e s  th a t  c o u ld  be e xp e c te d . Samples o f  h ig h  r e s i s t i v i t y  
(30 -  38 J lc m )  n - ty p e  germanium ( f u l l  d e ta i ls  o f  th e  m a te r ia ls  
used in  th e  e x p e rim e n ts  a re  g iv e n  in  Append ix I I I )  were p re p a re d , 
im p la n te d  w ith  c o n ta c t  a reas  and annea led  (as  d e s c r ib e d  in  S e c tio n s
5 .1 .2 .1  and 5 . 1 . 2 . 2 ) .  The sam ples were then  im p la n te d  in  th e  Van 
der Pauw c o n f ig u r a t io n  w ith  G a lliu m  io n s  a t  an energy o f  40 !<eV 
w ith  doses o f  1 0 11 io n s /c m ^ , 10 *  io n s /cm ^ and lO ^ io n s /c m * .
I t  was no te d  th a t  th e  im p la n te d  a reas  g e n e ra l ly  e x h ib i te d  
a s l i g h t l y  'm i l k y '  appearance o f  th e  s u r fa c e  fo l lo w in g  th e  shape 
o f  th e  'c lo v e r '  im p la n t  p a r t i c u la r l y  f o r  th e  h ig h e r  doses. T h is  
e f f e c t ,  w h ich  has been re p o r te d  by o th e r  w o rke rs  (29 , 53) f o r  
im p la n ts  in  s i l i c o n ,  i s  a t t r ib u t e d  to  a h e a v i ly  d is o rd e re d  o r 
amorphous re g io n  c re a te d  by th e  im p in g in g  io n s .
o
The sam ples were annea led  f o r  45 m in u te s  a t  500 C in  th e  
i n e r t  atm osphere r e fe r r e d  to  in  S e c tio n  6 .2 .1 .  I t  was no ted  
th a t  th e  m ilk y  c o lo u r  d isa p p e a re d  in  a number o f  cases s u g g e s tin g  
r e o r ie n ta t io n  b u t in  a few  sam ples a f a i n t  t ra c e  o f  th e  c lo v e r -
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shape c o u ld  s t i l l  be d e te c te d  even a f t e r  ex tended  p e r io d s  a t  500 C.
Mayer (5 3 ) in  c o n n e c tio n  w ith  s i l i c o n  re p o r te d  com p le te  d isa p p e a ra n ce
o
o f  th e  m ilk y  c o lo u r  a t  te m p e ra tu re s  above 600 C b u t as re p o r te d  in
©
S e c tio n  6 .2 .1  i t  was n e cessa ry  n o t to  exceed 550 C i f  s e r io u s  
c o n ta m in a tio n  was to  be a v o id e d .
A f te r  th e  sam ples had co o le d  to  room te m p e ra tu re  in  th e  i n e r t  
a tm osphere , th e y  were secu red  in  th e  m oun ting  j i g  and measurements 
o f  th e  H a l l  c o e f f i c ie n t  and r e s i s t i v i t y  were taken  a t  a p p ro x im a te ly  
100°K .
From th e  range da ta  (A ppend ix  I I ) th e  mean p ro je c te d  range
o
f o r  40 keV G a lliu m  io n s  in  germanium i s  208 A w ith  a s t ra g g le  o f
6 . 2 . 2  G a l l i u m  I m p l a n t s
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a p p ro x im a te ly  85 A. I t  was, th e re fo r e ,  assumed th ro u g h o u t
th a t  th e  t o t a l  dep th  o f  th e  im p la n te d  la y e r  c o u ld  be rega rded  
©
as 293 A. The r e s u l t s  o f  th e  c a lc u la t io n s  based on the  
measurements and t h is  assum ption  a re  g iv e n  in  T ab le  1 . A 
com parison  between th e  r e s u l t s  o b ta in e d  u s in g  t h is  assum ption  
o f  th e  dep th  o f  th e  ju n c t io n  b e in g  lo c a te d  a t  Rp p lu s  one 
s ta n d a rd  d e v ia t io n  w ith  t h a t  o f  th e  ju n c t io n  dep th  be ing  
assumed to  be Rp p lu s  two s ta n d a rd  d e v ia t io n s  i s  g iv e n  in  
S e c tio n  5 .5 .
In  f u r t h e r  ex tended  e xp e rim e n ts  sam ples o f  b o th  low  
( l° 5 5  to  1»85 Ji&rfs) and h ig h  (30 -  38 r e s i s t i v i t y  germanium
were p re p a re d , im p la n te d  w ith  c o n ta c t a reas and ann e a le d . The 
sam ples were then  im p la n te d  in  th e  Van d e r Pauw c o n f ig u r a t io n  
w ith  G a lliu m  io n s  a t  e n e rg ie s  o f  40 o r 70 keV w ith  doses ra n g in g  
from  5 x 10 io n s /cm  to  5 x 10 io n s /cm  .
©
For d e ta i le d  s tu d ie s ,  th e  samples were annea led  in  50 C s te p s
& o
from  250 C to  500 C f o r  45 m in u te s  a t  each s te p  and measurements
©
o f  H a ll  c o e f f i c ie n t  and r e s i s t i v i t y  a t  100 K were made a t  each 
s ta g e .
For 70 keV Ga io n s  in  germanium th e  mean p ro je c te d  range i s
© ©
324 A w ith  an a p p ro x im a te  s t ra g g le  o f  132 A g iv in g  an assumed
t o t a l  dep th  o f  th e  is o la te d  la y e r  as 456 A i . e .  ju n c t io n  depth
assumed to  be Rp p lu s  one s ta n d a rd  d e v ia t io n .  The r e s u l t s  o f
th e  c a lc u la t io n s  based on th e  measurements and th e  assumed dep ths
a re  g iv e n  in  T a b le s  2, 3 and 4 .
The r e s u l t a n t  cu rve s  o f  c a r r ie r  c o n c e n tra t io n  ve rsu s  a n n e a lin g
te m p e ra tu re  from  th e  r e s u l t s  in  T ab les  2, 3 and 4 a re  shown in
F ig u re  6 .5 .
6 .2 .3  Ind ium  Im p la n ts
As in  th e  case o f  G a lliu m  p re l im in a r y  in v e s t ig a t io n s  were 
c a r r ie d  o u t to  d e te rm in e  th e  range o f  va lu e s  th a t  co u ld  be e xp e c te d .
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o
Io n s  im p la n te d  a t  70 ke lI (d  = 456 A ).
o
Measurements made a t  100 K a f t e r  each 
annea l s ta g e .
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FIGURE 6 .5  E f fe c t iv e  c a r r ie r  c o n c e n tra t io n  as a
fu n c t io n  o f  a n n e a lin g  te m p e ra tu re  f o r  
Ga im p la n ts
Im p la n ts  a t  70 keV. Measurements 
a t  100°K .
8 1
im p la n te d  w ith  Ind ium  io n s  a t  an energy o f  40 ke lI w ith  doses o f
IZ /  2 i3  , 2.
3»15 x 10 io n s /c m  and 3 x 10 io n s /cm  . A gain th e  'm i l k y 8
c o lo u r  was o b se rve d .
©
The sam ples were measured a t  ^  100 K b o th  b e fo re  and a f t e r
©
a n n e a lin g  f o r  45 m in u te s  a t  500 C in  an i n e r t  a tm osphere .
From th e  range d a ta  (A ppend ix  I i )  th e  mean p ro je c te d  range
©
f o r  40 keV Ind ium  io n s  in  germanium i s  166 A w ith  an ap p ro x im a te  
©
s t ra g g le  o f  66 A. The t o t a l  dep th  o f  th e  im p la n te d  la y e r  was
©
th e re fo re  assumed to  be 232 A. The r e s u l t s  o f  th e  c a lc u la t io n s  
based on th e  measurements and t h is  assum ption  a re  g iv e n  in  
T ab le  5 . A com parison  between th e  r e s u l t s  o b ta in e d  u s in g  t h is  
assum ption  th a t  th e  dep th  o f  th e  ju n c t io n  was Rp p lu s  one s ta n d a rd  
d e v ia t io n  and th e  assum ption  th a t  th e  dep th  was Rp> p lu s  two 
s ta n d a rd  d e v ia t io n s  i s  g iv e n  in  S e c tio n  6 .5 .
In  f u r t h e r  e xp e rim e n ts  sam ples o f  th e  same m a te r ia l were 
im p la n te d  w ith  Ind ium  io n s  a t  e n e rg ie s  o f  40 o r  70 keV w ith  doses 
ra n g in g  from  5 x lO ^ io n s /c m ^  to  5 x 10^  io n s /c m 2 .
©
Measurements o f  H a l l  c o e f f i c ie n t  and r e s i s t i v i t y  a t  100 K
& © o
were taken  a t  50 C a n n e a lin g  s te p s  from  250 C to  500 C w ith  45
m in u te s  annea l a t  each s ta g e .
For 70 keV In  io n s  in  germanium th e  mean p ro je c te d  range i s
©
238 A w ith  an a p p ro x im a te  s t ra g g le  o f  95 A g iv in g  a t o t a l  assumed 
o
dep th  o f  333 A.
The r e s u l t s  o f  th e  c a lc u la t io n s  based on th e  measurements and 
th e  assumed dep ths  a re  g iv e n  in  Tab les  6 ? 7 and 8 . The r e s u l t a n t  
cu rve s  o f  c a r r ie r  c o n c e n tra t io n  ve rsu s  a n n e a lin g  te m p e ra tu re  a re  
shown in  F ig u re  6 .6 .
6 .3  M o b i l i t y
The m o b i l i t ie s  o f  th e  G a lliu m  and Ind ium  im p la n ts  as a fu n c t io n  o f
c a r r ie r  c o n c e n tra t io n  ( e x t ra c te d  from  T ab les  1 to  8) a re  shown in  
F ig u re  6 .7 .
S a m p l e s  o f  h i g h  r e s i s t i v i t y  n - t y p e  g e r m a n i u m  w e r e  p r e p a r e d  a n d
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Tab le  7 5 x 10 In  io n s /cm  im p la n te d  in t o  n - ty p e  Ge
o
Ions  im p la n te d  a t  70 keV (d = 333 A) o r 
©
40 keV (d = 232 A ). Measurements madB a t  
o
1 0 0  K a f t e r  e a c h  a n n e a l  s t a g e .
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T ab le  8 5 x 10 In  io n s /cm  im p la n te d  in t o  n - ty p e  Ge
©
Io n s  im p la n te d  a t  40 keV (d = 232 A ).
o
M e a s u r e m e n t s  a t  1 0 0  K a f t e r  e a c h  a n n e a l  s t a g e .
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FIGURE 6 .6  E f fe c t iv e  c a r r ie r  c o n c e n tra t io n  as a
fu n c t io n  o f  a n n e a lin g  te m p e ra tu re  f o r  
In  im p la n ts
5 x 1 0 <2 and 5 x 10 ^ /c m *  a t  70 keV;
lit.
5 x 10 a t  40 keV. A l l  measurements 
a t  100°K .
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FIGURE 6 .7 H a ll  m o b i l i t y  as a fu n c t io n  o f  c a r r ie r  
c o n c e n tra t io n  f o r  Ga and In  im p la n ts
40 keV Ga im p la n ts ;  ©
70 keV Ga im p la n ts :  A
40 keV In  im p la n ts :  D
70 keV In  im p la n ts :  s?
S o lid  l i n e :  Mean o f  b u lk  measurements
( r e f  60, 61)
Measurements a t  100°K a f t e r  a n n e a l.
HALL M O B I L I T Y ,  c r Z / V s
The r e s u l t s  show th a t  th e  m o b i l i t y  ve rsu s  c a r r ie r  c o n c e n tra t io n  
c lo s e ly  m atches th e  m o b i l i t y  expected  f o r  b u lk  m a te r ia l  a t  t h is  
te m p e ra tu re  (6 0 , 6 1 ) .  S ince  th e  e f f e c t  o f  r a d ia t io n  damage on 
m o b i l i t y  i s  g re a te r  a t  l iq u id - n i t r o g e n  te m p e ra tu re  than  a t  room 
te m p e ra tu re  (6 2 ) th e  h ig h  m o b i l i t ie s  sugges t t h a t ,  from  an e le c t r i c a l  
v ie w p o in t ,  th e  a n n e a lin g  o f  damage was v i r t u a l l y  co m p le te .
6 .4  P r o f i le s
In  o rd e r  to  s tu d y  th e  p r o f i l e s  o f  c a r r ie r  c o n c e n tra t io n  and 
m o b i l i t y  w ith  d e p th , sam ples o f  b o th  low  and h ig h  r e s i s t i v i t y  n - ty p e  
germanium were p re p a re d , im p la n te d  w ith  c o n ta c t  a reas  and annea led 
as d e s c r ib e d  in  S e c tio n  5 .1 .2 .2 .  The sam ples were then  im p la n te d  in  
th e  Van de r Pauw c o n f ig u r a t io n  in  accordance w ith  a programme o f
il
G a lliu m  o r  Ind ium  io n  im p la n ta t io n s  a t  doses ra n g in g  from  1 x 10
/ 2 Ilf. %
io n s /c m  to  5 x 10 io n s /c m  a t  e n e rg ie s  o f  40 and 70 keV. The 'm i lk y '  
c o lo u r  r e fe r r e d  to  in  S e c tio n  6 .2  was much in  e v idence  p a r t i c u la r l y  a t  
th e  h ig h e r  doses.
A f te r  th e  im p la n ta t io n  p ro ce ss  th e  samples were annea led f o r  45
m in u te s  a t  500 C in  an i n e r t  atm osphere to  remove o r  m in im ise  r a d ia t io n  
damage ®
I n i t i a l  measurements o f  H a l l  c o e f f i c ie n t  and r e s i s t i v i t y  were made
0 ©
a t  te m p e ra tu re s  o f  100 K and a g a in  a f t e r  th e  rem ova l o f  70 o r 80 A th ic k
la y e r  by th e  a n o d ic -o x id a t io n  p ro ce ss  (see S e c tio n  5 .2 ) .
A com puter programme was com p iled  f o r  th e  c a lc u la t io n  o f  c a r r ie r  
c o n c e n tra t io n  and m o b i l i t y  based on th e  fo l lo w in g  e q u a tio n s  from  
S e c tio n  4 .3 .3 .4 s
However, i t  was fou n d  th a t  in  a la rg e  number o f  cases th e  com puter 
c a lc u la t io n s  gave n e g a tiv e  v a lu e s  f o r a n d  n x  f o r  in te rm e d ia te
89
o
cr,
s t r i p s .  M a th e m a tic a lly  t h is  r e s u l t  w i l l  o ccu r i f  CT2 )> 0 “f
or c r fi >  /?, o;2 .
S ince  , i s  th e  c o n d u c t iv i t y  b e fo re  the  rem ova l o f  a s t r i p  and
i s  th e  c o n d u c t iv i t y  a f t e r  th e  rem ova l o f  thB s t r i p  t h is  s i t u a t io n
sh o u ld  n o t o c c u r . However th e  p rob lem  i s  in h e r e n t ly  t h a t  o f  a tte m p tin g
to  measure a v e ry  s m a ll d if fe r e n c e  between two r e la t i v e l y  la rg e  v a lu e s .
Some in d ic a t io n  c o u ld  be a ch ie ve d  by compounding s t r ip s  to
e l im in a te  n e g a tiv e  v a lu e s  and F ig u re s  6 .8  and 6 .9  show th e  r e s u l t a n t
va lu e s  o b ta in e d  f o r  c a r r ie r  c o n c e n tra t io n  and m o b i l i t y  ve rsu s  d e p th .
In  g e n e ra l te rm s , th e  cu rve s  o f  c a r r ie r  c o n c e n tra t io n  w ith  dep th
fo l lo w  th e  p a t te rn  o f  d i s t r i b u t io n  p re d ic te d  by th e  L in d h a rd  th e o ry
o ©
w ith  peaks a t  d is ta n c e s  o f  100 A and 150 A below  th e  s u r fa c e .
6 .5  U t i l i s a t i o n  F a c to rs
The term  ' u t i l i s a t i o n  f a c t o r '  used here  i s  d e f in e d  as th e  r a t i o  op 
th e  t o t a l  number o f  a c c e p to rs  in  a la y e r  to  th e  number o f  io n s  in c id e n t  
on th e  sam ple . I t  sh o u ld  be no ted  th a t  t h is  r a t i o  w i l l  be reduced by 
any in c id e n t  io n s  l o s t  th ro u g h  b e in g  s p u tte re d  from  th e  specim en.
The u t i l i s a t i o n  f a c to r  w i l l  th e re fo r e  be s m a lle r  than  th e  pe rce n ta g e  
o b ta in e d  by th e  b a c k s c a tte r  te c h n iq u e  w hich compares th e  t o t a l  number 
o f  e l e c t r i c a l l y - a c t i v e  im p u r i t ie s  to  the  t o t a l  number o f  im p u r i ty  io n s  
im p la n te d  in t o  th e  specim en.
F ig u re  6 .1 0  i l l u s t r a t e s  th e  u t i l i s a t i o n  fa c to r s  f o r  doses o f  
5 x 10 Ga o r  In  io n s /c m  im p la n te d  in t o  n - ty p e  germanium as a fu n c t io n  
o f  th e  a n n e a lin g  te m p e ra tu re  ( c a lc u la te d  from  th e  e x p e r im e n ta l r e s u l t s  
g iv e n  in  T ab les  4 and 8 ) .  I t  i s  r e a d i ly  a p p a re n t t h a t  th e re  i s  a ve ry  
ra p id  in c re a s e  in  th e  p e rce n ta g e  o f  e l e c t r i c a l  a c t i v i t y  in  th e  re g io n  
3 5 0 /4 0 0 °C.
T ab le  9 ta b u la te s  th e  u t i l i s a t i o n  fa c to r s  a f t e r  a n n e a lin g  f o r  a l l  
th e  r e s u l t s  re co rd e d  in  T ab les  1 to  8 . I t  can be seen th a t  th e re  a re  
marked v a r ia t io n s  in  th e  p e rce n ta g e  a c t i v i t i e s  w h ich  appear n o t to  
conform  to  any p a r t i c u la r  p a t te r n .
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FIGURE 6 .8  C a r r ie r  c o n c e n tra t io n  ve rsu s  depth
fo r  Ga im p la n ts
Im p la n ts  a t  40 keV.
Measurements a t  100 K.
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FIGURE 6 .9
DEPTH, A
H a ll  m o b i l i t y  ve rsu s  dep th  f o r  Ga 
im p la n ts
Im p la n ts  a t  40 keV.
o
Measurements a t  100 K.
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FIGURE 6 .1 0  U t i l i s a t i o n  fa c to r s  as a fu n c t io n  o f
a n n e a lin g  te m p e ra tu re  f o r  Ga and In  
im p la n ts
Ga im p la n t  a t  70 keV j In  im p la n t a t  
40 keV.
9
Measurements a t  100 K.
9 3
Ion Enerqy Dose p U t i l i s a t i o n
keV io n s /cm io n s /7cm F a c to r  %
Ga 40 1 X ii10 5*10 X /o10 51 °0
ti it 1 X 1210 2*31 X 1 0" 23*1
it it 5 X 1210 1*28 X 10* 25*6
n n 1 X t310 3*57 X 10* 35°7
ii it 5 X 10* 7«33 X 10 14«7
" 70 5 X lo'2 1«19 X 10 * 23*8
ii I 5 X 10* 6 ®34 X 10* 12“7
ii Vf 5 X 'Ah10 2*40 X io'* 48-0
In 40 3• IE 12 x 10 3*57 X 10 ” 11*3
ii ti 5 X 10 3*13 X io7/ 6«3
ti n 3 X 1310 4*52 X »210 15*1
ii 70 5 X •210 7*63 X tf10 15*3
it i 5 X /310 3-58 X f210 7 *2
ii it 5 X ffy,10 6*23 X /310 12«5
T ab le  9 U t i l i s a t i o n  F a c to rs  o f  Ga and In  im p la n ts  
in t o  n - ty p e  Ge
These fa c to r s  a re  based on th e  r e s u l t s  f o r  
fu l ly - a n n e a le d  samples g ive n  in  T ab les  1 to  8 .
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The p e rce n ta g e s  assume th a t  a t  l iq u id - n i t r o g e n  te m p e ra tu re  a l l  
th e  a c c e p to rs  w i l l  be io n is e d  and th e re fo re  th e  number o f  c a r r ie r s  w i l l  
e qua l th e  number o f  'a c t i v e '  dopan t atom s. T h is  assum ption  o f  t o t a l  
io n is a t io n  i s  l i k e l y  to  be in v a l id  a t  h ig h  c o n c e n tra t io n s  and a ls o  when 
th e  se m ico n d u c to r becomes degenera te  (see S e c tio n  3 .2 .4 )  and th e  f u l l  
F e rm i-D ira c  s t a t i s t i c s  must be a p p lie d  s in c e  th e  s im p le  Boltzm ann 
e q u a tio n s  canno t be used. U n fo r tu n a te ly  f o r  th e  c a lc u la t io n  i t  i s  
necessa ry  to  knew th e  v a r ia t io n  o f  c a r r ie r  c o n c e n tra t io n  and m o b i l i t y  
w ith  dep th  and th e  e x p e r im e n ta l r e s u l t s  (S e c tio n  6 .4 )  a re  n o t s u f f i c i e n t l y  
a c c u ra te  f o r  t h is  purpose p a r t i c u la r l y  in  v iew  o f  th e  doub ts  ra is e d  by 
th e  n e g a tiv e  va lu e s  o b ta in e d . However, i t  i s  p o s s ib le  to  a r r iv e  a t  
s o lu t io n s  by a d o p tin g  th e  fo l lo w in g  a ssu m p tio n s :
a ) th e  d i s t r i b u t io n  o f  im p la n te d  io n s  can be 
d e te rm in e d  from  th e  L in d h a rd  th e o ry ,  i . e .  
th e  d i s t r i b u t io n  i s  gauss ian
b) th a t  in  w e ll-a n n e a le d  im p la n te d  m a te r ia l  
th e  m o b i l i t y  i s  s im i la r  to  th a t  in  b u lk  
m a te r ia l  o f  th e  same c a r r ie r  c o n c e n tra t io n  
as d e te rm in e d  e x p e r im e n ta lly  in  S e c tio n  6 .3 .
F ig u re s  6 .1 1 , 6 .1 2 , 6 .13  and 6 .14  show th e  G aussian d is t r ib u t io n s  
based on th e  L in d h a rd  th e o ry  f o r  G a lliu m  and Ind ium  io n s  im p la n te d  in t o  
germanium a t  40 o r 70 keV. Using these  d is t r ib u t io n s  i t  was p o s s ib le  
to  c a lc u la te  the  c a r r ie r  c o n c e n tra t io n s  in  s u cce ss ive  s t r ip s  ( f o r  
conven ience  in  c a lc u la t io n  25 A s t r ip s  were assumed) and by u s in g  th e  
graph o f  im p u r i t y  c o n c e n tra t io n  ve rsu s  c a r r ie r  c o n c e n tra t io n  c o n ta in e d  
in  F ig u re  3 .1  i t  was then  p o s s ib le  to  ap p ro x im a te  f o r  th e  e f fe c ts  o f  
in c o m p le te  io n is a t io n .  T ab le  10 shows th e  m o d if ie d  u t i l i s a t i o n  fa c to r s  
o b ta in e d  from  these  c a lc u la t io n s .
S tevens and T in s le y  a t  A .W .R .E. deve loped a com puter programme to  
s o lv e  th e  f u l l  Ferm i fu n c t io n  by an i t e r a t i v e  method (7 4 ) and t h e i r  
computed r e s u l t s  on th e  a u th o r 's  samples a re  g ive n  in  T ab le  11.
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ARBITARY UNITS
FIGURE 6 .11  L in d h a rd  d is t r ib u t io n  o f  40 keV
Ga io n s  in  Ga.
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FIGURE 6 .12  L in d h a rd  d is t r ib u t io n  o f  7D keV 
Ga io n s  in  Ge.
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ARBITARY UNITS
FIGURE 6 .13  L in d h a rd  d is t r ib u t io n  o f  40 keV
In  io n s  in  Ge.
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ARBITARY UNITS
FIGURE 6 .14  L in d h a rd  d is t r ib u t io n  o f  70 ksV
I n i o n s  in  Ge.
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Ion Energy
k e V
Dose
/  * io n s /cm
E f fe c t iv e
Dose
/  2 io n s /cm
p 3
io n s /cm
U t i l i s a t i o n  j 
F a c to r  % \
Ga 40 1 X
II
10 1*00 X
II •
10 5*10 X
/©
10 51*0
ii it 1 X
12
10 5*51 X 1 0 " 2*31 X
II
10 41*8
n 5 X
tz
10 1*62 X
/2
10 1*28 X
12
10 79*0 j
i ti 1 X *310 2*42 X i n 1210 3*57 X 1210 147 j
ii n 5 X 1310 5*44 X >210 7*33 X /210 135
ii 70 5 X 12.10 1*87 X t210 1*19 X >210 63*7
ii ti 5 X 1310 6*88 X 10 6*34 X 1210 92*0
ii ii 5 X Up10 1*72 X 1 0 * 2*40 X 10 140
In 40
12
3*15 x 10 1*10 X 1 0 * 3*57 X io/; 32*4
it ii 5 X 10 1*47 X 1 0 * 3*13 X 10” 21*3
it ii 3 X 1310 3*78 X 1 0 * 4*52 X 1210 120
it 70 5 X 1210 1*68 X 1210 7*63 X II10 45*4
ii ti 5 X *310 5*82 X /g10 3*58 X Z210 61 *5
ii ii 5 X
Hf.
10 1*40 X
/3
10 6*23 X
13
10 445
____________1
T ab le  10 U t i l i s a t i o n  F a c to rs  o f  Ga and In  im p la n ts  in t o  n - ty p e  Ge
The e f f e c t iv e  dose ta ke s  in t o  accoun t th e  e f f e c t  o f©
in c o m p le te  io n is a t io n  based on s t r ip s  o f  25 A.
1 0 0
Ion Energy
k fcV
Dose
io n s /c m 2
U t i l i s a t i o n
F a c to rs
(L in d h a rd )
%
U t i l i s a t i o n
F a c to rs
(m o d if ie d
L in d h a rd )
%
Ga 40 1 x 1 0 11 46 47
ii ii 121 x 10 46 39
n ii 131 x 10 230 120
it it IS.5 x 10 48 39
n ii '35 x 10 280 126
ii 70 125 x 10 32 27
n ii 5 x 10/3 76 42
! In 40
O3 x 10 176 90
ii ti •25 x 10 9*6 8
ii ii 5 x 1 0 /J 114 58
ii 70
12
5 x 10 16*8 13*8
i*
...........
ii 5 x 10 22 11*4 j
T ab le  11 U t i l i s a t i o n  F a c to rs  f o r  Ga and In  Im p la n ts  in t o  n - ty p e  Ge
The u t i l i s a t i o n  fa c to r s  a re  based on th e  r e s u l t s  o f  the  
S tevens and T in s le y  com puter programme u s in g  e i t h e r  th e  
norm al L in d h a rd  d i s t r i b u t io n  o r th e  m o d if ie d  L in d h a rd  
d i s t r i b u t io n  ( i . e .  tw ic e  th e  va lu e  f o r  s t ra g g le  assumed 
in  L in d h a rd  th e o r y ) .
1 0 1
In  b o th  T ab les  10 and 11, th e  r e s u l t s  o b ta in e d  a f t e r  th e  e f f e c t s  
o f  in c o m p le te  io n is a t io n  have been taken  in t o  acco u n t agree more c lo s e ly  
w ith  va lu e s  o b ta in e d  from  b a c k s c a tte r  e xp e rim e n ts  (see S e c tio n  6 .6 )  b u t 
th e  c a lc u la t io n  o f  le v e l  occupancy does, however, appear to  produce 
o v e r - c o r r e c t io n  a t  v e ry  h ig h  c o n c e n tra t io n s .  A ccu racy , o f  c o u rse , i s  
l im i t e d  in  th e  h ig h  dose re g io n  because a la rg e  change in  th e  im p u r i ty  
c o n c e n tra t io n  o n ly  p roduces a s m a ll change in  th e  c a r r ie r  c o n c e n tra t io n .
S tevens and T in s le y  m o d if ie d  t h e i r  com puter programme to  c a lc u la te  
th e  e f f e c t  d f  u s in g  tw ic e  th e  s t ra g g le  p re d ic te d  by L in d h a rd  in  an 
a tte m p t to  o b ta in  a c c e p ta b le  r e s u l t s  in  th e  h ig h  dose re g io n  and th e  
v a lu e s  th e y  o b ta in e d  a re  shown in  th e  l a s t  column o f  T ab le  11 . P o s s ib le  
reasons f o r  th e  d is c re p a n c y  in  th e  h ig h  dose r e s u l t s  a re  d is cu sse d  in  
S e c tio n  7 .1 .
6 .6  R u th e r fo rd  b a c k s c a tte r  r e s u l t s
By th e  use o f  th e  R u th e r fo rd  s c a t te r in g  te c h n iq u e  (S e c t io n  4 .2 ) ,  
T in s le y  a t  A .W .R .E. (6 4 ) c a r r ie d  o u t an a n a ly s is  o f  im p la n te d  specim ens.
F ig u re s  6 .15  and 6 .1 6  show cu rve s  o f  l a t t i c e  d is o rd e r  ve rsu s  
a n n e a lin g  te m p e ra tu re  o b ta in e d  f o r  im p la n ts  o f  40 ke\/ Ga io n s  and 70 
ke\/ In  io n s  r e s p e c t iv e ly  in  n - ty p e  Ge. These r e s u l t s  in d ic a te  t h a t  f a r
44 / 2doses m  excess o f  a b o u t 10 io n s /cm  , t o t a l  a m o rp h ic ity  can be expected  
and hence no f u r t h e r  damage can r e s u l t  from  h ig h e r  doses (5 9 ) .  H ig h e r 
dose im p la n ts  th e re fo re  sh o u ld  produce a lm o s t e x a c t ly  th e  same a n n e a lin g  
c u rv e s .
I t  can be seen from  F ig u re s  6 .15  and 6 .16  th a t  'am o rphous ' la y e rs
0annea l o u t a t  a round 400 C le a v in g  abou t 3 to  5% d is o rd e r  w h ich  i s  
p ro b a b ly  in  th e  fo rm  o f  d is lo c a t io n  lo o p s  (6 6 ) .  I t  i s  s ig n i f i c a n t  to  
compare th e  r e s u l t s  o f  a n n e a lin g  on l a t t i c e  d is o rd e r ,  o b ta in e d  by th e  
b a c k s c a tte r  m ethod, w ith  th o se  o f  a n n e a lin g  on u t i l i s a t i o n  fa c to r s ,  
o b ta in e d  by th e  a u th o r  u s in g  th e  e le c t r i c a l  e v a lu a t io n  te c h n iq u e  (F ig u re  
6.10).
Lower dose im p la n ts  i . e .  be low  t o t a l  a m o rp h ic ity  annea l o u t a t  
lo w e r te m p e ra tu re s  le a v in g  v i r t u a l l y  no l a t t i c e  damage as measured by
1 0 2
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ANNEAL TEMPERATURE,® C
FIGURE 6 .15  L a t t ic e  d is o rd e r  as a fu n c t io n  o f
a n n e a lin g  te m p e ra tu re  f o r  40 keV 
Ga im p la n ts
D eterm ined by th e  b a c k s c a tte r  
te c h n iq u e .
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FIGURE 6 .16  L a t t ic e  d is o rd e r  as a fu n c t io n  o f
a n n e a lin g  te m p e ra tu re  f o r  70 keU 
In  im p la n ts
D e term ined by th e  b a c k s c a tte r  
te c h n iq u e .
1 0 4
f o r  70 ke\J io n s  superim posed on th a t  show ing th e  p e rce n ta g e  o f  Ind ium
io n s  g o in g  s u b s t i t u t io n a l  as a fu n c t io n  o f  th e  a n n e a lin g  te m p e ra tu re ,
a l l  r e s u l t s  b e in g  o b ta in e d  by th e  b a c k s c a tte r  m ethod. On th e  assum ption
th a t  Ind ium  io n s  in  s u b s t i t u t io n a l  p o s it io n s  become e le c t r i c a l l y  a c t iv e
t h is  g iv e s  a v a lu e  o f  e lB c t r i c a l l y - a c t i v e  io n s  o f  a p p ro x im a te ly  80$
© ©
f o r  a n n e a lin g  te m p e ra tu re s  between 550 C and 600 C. W h ile  t h is  va lu e  
i s  h ig h e r  than  th e  m a jo r i t y  o f  u t i l i s a t i o n  fa c to r s  o b ta in e d  f o r  Ind ium  
i t  must be remembered th a t  th e  pe rce n ta g e  o b ta in e d  by th e  backsca tjbe r 
te c h n iq u e  i s  based on th e  number o f  io n s  a c tu a l ly  im p la n te d  whereas the  
p e rce n ta g e  o b ta in e d  by th e  e le c t r i c a l  e v a lu a t io n  te c h n iq u e  i s  based on 
th e  t o t a l  number o f  in c id e n t  io n s .
©
I t  i s  p o s s ib le  t h a t  above 600 C th e  In  im p u r i t ie s  b e g in  to
p r e c ip i t a t e  o u t from  t h e i r  s u b s t i t u t io n a l  s i t e s  b u t from  b a c k s c a tte r
e x a m in a tio n  th e y  do n o t appear to  go i n t e r s t i t i a l .  They m ust, th e r e fo r e ,
fo rm  co ng lom era tes  o r  gB t tra p p e d  on d is lo c a t io n  l in e s  in  th e  c r y s t a l .
0
S im i la r ly ,  th e  20$ th a t  does n o t go s u b s t i t u t io n a l  in  th e  re g io n  550 C
O
to  600 C c o u ld  be accoun ted  f o r  in  th e  same way.
U n fo r tu n a te ly  i t  was n o t p o s s ib le  to  c a r ry  o u t a s im i la r  a n a ly s is  ; 
on G a lliu m  im p la n ts  u s in g  th e  b a c k s c a tte r  te c h n iq u e  s in c e  th e  a to m ic  
w e ig h t o f  G a lliu m  i s  to o  near to  th a t  o f  th e  germanium s u b s tra te  
(Ga ; 69°72 ; Ge s 72°60 ) f o r  th e  te c h n iq u e  to  d is c r im in a te  between
th e  tw o .
t h e  b a c k s c a t t e r  m e t h o d .
F i g u r e  6 . 1 7  s h o w s  t h e  l a t t i c e  d i s o r d e r  v e r s u s  a n n e a l i n g  c u r v e
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LATTICE DISORDER, N orm a lised
FIGURE 6 .17  L a t t ic e  d is o rd e r  and s u b s t i t u t io n a l
f r a c t io n  as a fu n c t io n  o f  a n n e a lin g  
te m p e ra tu re  f o r  70 keU In  im p la n t
S o lid  l i n e :  l a t t i c e  d is o rd e r
Broken l i n e :  pe rcen tag e
s u b s t i t u t io n a l
D e te rm ined  by th e  b a c k s c a tte r  
te c h n iq u e .
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CHAPTER 7 D I S C U S S I O N
7 .1  R e s u lts
The cu rve s  o f  e f f e c t iv e  c a r r ie r  c o n c e n tra t io n  ve rsu s  annea l
te m p e ra tu re  g iv e n  in  F ig u re s  6 .5  and 6 .6  show th a t  as th e  a n n e a lin g
p ro g re sse s  and th e  r a d ia t io n  damage i s  m in im ise d , th e  m a te r ia l  e x h ib i t s
c h a r a c te r is t ic s  due to  th e  e le c t r i c a l l y - a c t i v e  a c c e p to rs  u n t i l  a f t e r  
o
a n n e a lin g  a t  500 C th e  im p la n te d  la y e rs  were s t r o n g ly  p - ty p e  w ith  a 
c a r r ie r  c o n c e n tra t io n  a p p ro x im a te ly  p r o p o r t io n a l to  dose.
I t  s h o u ld , o f  c o u rse , be remembered th a t  th e  'e f f e c t i v e *  c a r r ie r  
c o n c e n tra t io n  va lu e s  g iv e n  in  S e c tio n  6 .2  do n o t ta ke  in t o  accoun t th e  
d is t r ib u t io n  o f  th e  charge  c a r r ie r s .
F ig u re  6 .7  shows th a t  th e  m o b i l i t y  ve rsu s  c a r r ie r  c o n c e n tra t io n  
c lo s e ly  m atches th e  m o b i l i t y  expec ted  f o r  b u lk  m a te r ia l  a t  th e  same 
te m p e ra tu re ; a f a c to r  t h a t  was h e lp fu l  in  making th e  necessa ry  
assum ptions when c a lc u la t in g  th e  e f f e c t s  o f  in c o m p le te  io n is a t io n  and 
degeneracy in  S e c tio n  6 .5 .
A f te r  ta k in g  in t o  a cco u n t th e  e f f e c t s  o f  in c o m p le te  io n is a t io n  
th e  c a lc u la t io n  o f  u t i l i s a t i o n  fa c to r s  gave r e s u l t s  w h ich  were n e a re r 
those  o b ta in e d  by th e  R u th e r fo rd  b a c k s c a tte r in g  te c h n iq u e  a lth o u g h  
o v e rc o r re c te d  f o r  th e  h ig h  dose im p la n ts .  As d is cu sse d  in  S e c tio n  2 .4 .3 ,  
i t  c o u ld  be argued th a t  in  ra d ia tio n -d a m a g e d  m a te r ia l  th e  a n n e a lin g  
te m p e ra tu re  co u ld  m o d ify  th e  im p la n te d  im p u r i ty  p r o f i l e  by th e rm a l 
d i f f u s io n .  Such s p re a d in g  w ou ld  in c re a s e  th e  p e rce n ta g e  o f  im p u r i t ie s  
io n is e d  in  th e  c e n tre  o f  th e  d i s t r i b u t io n  o f  th e  h ig h ly -d o p e d  sam ples 
b u t w ou ld  haVB v i r t u a l l y  no e f f e c t  on th e  lo w e r-d o p e d  sam ples where th e  
io n is a t io n  was n e a r ly  c o m p le te . However, th e rB  i s  no e x p e r im e n ta l 
ev id e n ce  to  s u p p o rt th a t  s ig n i f i c a n t  th e rm a l d i f f u s io n  c o u ld  ta k e  p la c e
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©A no the r p o s s ib le  e x p la n a t io n  w h ich  would s u p p o rt th e  S tevens and
T in s le y  c o n je c tu re  o f  a s ig n i f i c a n t  d e p a rtu re  from  th e  L in d h a rd  th e o ry
i s  i f  some c h a n n e ll in g  o f  io n s  d id  ta ke  p la c e  to  produce a s ig n i f i c a n t
' t a i l ' .  However, i t  c o u ld  be expected  th a t  th e  i n i t i a l  s tages  o f  a l l
im p la n ta t io n s  w ould r e s u l t  in  an amorphous la y e r  b e ing  produced w h ich
w ould p re v e n t subsequent in c id e n t  io n s  b e ing  c h a n n e lle d . In  such
c irc u m s ta n c e s , th e  h ig h e r  dose im p la n ts  would tend  to  fo l lo w  th e
d is t r ib u t io n  p re d ic te d  by th e  L in d h a rd  th e o ry  w h ich  i s  based on
amorphous m a te r ia l .  T h is  i s  su p p o rte d  by th e  b a c k s c a tte r  r e s u l t s  in
S e c tio n  6 .5  w h ich  in d ic a te d  t o t a l  a m o rp h ic ity  f o r  doses g re a te r  than  
'4 / 2
1 x 10 ia n s /cm  . I f  some c h a n n e ll in g  d id  ta ke  p la c e  i t  w ould tended 
to  have a more s ig n i f i c a n t  e f f e c t  on th e  d is t r ib u t io n  o f  th e  lo w e r-d o p e d  
sam ples.
For these  reasons th e  a u th o r  does n o t s u p p o rt th e  c o n je c tu re  o f 
's p re a d in g ' and as has been em phasised th ro u g h o u t by th e  use o f  th e  
te rm  'u t i l i s a t i o n  f a c t o r '  i t  i s  im p o r ta n t  to  remember th e  p o s s ib le  
e f f e c t s  o f  s p u t te r in g .  The re co rd e d  dose was based on th e  measured 
va lu e  o f  beam c u r re n t  and a lth o u g h  a su p p re sso r e le c tro d e  was used 
d u r in g  th e  im p la n ta t io n  p ro c e s s , th e  number o f  io n s  th a t  w ould be l o s t  
due to  s p u t te r in g  w ould  be s ig n i f i c a n t l y  la r g e r  a t  th e  h ig h e r  doses and, 
as p re v io u s ly  in d ic a te d ,  th e  a ccu ra cy  o f  the  cu rve  o f  im p u r i ty  
c o n c e n tra t io n  ve rsu s  c a r r ie r  c o n c e n tra t io n  i s  l im i t e d  in  th e  h ig h  
dose r e g io n .  T h is  i s ,  th e r e fo r e ,  a more l i k e l y  reason f o r  th e  a p p a re n t 
d is c re p a n c ie s  a t  th e  h ig h e r  doses.
The reason f o r  th e  v i r t u a l l y  com p le te  f a i l u r e  to  o b ta in  re a so n a b le  
p r o f i l e s  o f  c a r r ie r  c o n c e n tra t io n  and m o b i l i t y  w ith  dep th  i s  n o t f u l l y  
u n d e rs to o d . W h ile  th e  measurements d id  in v o lv e  a tte m p t in g  te  measure 
a v e ry  s m a ll d if fe r e n c e  between two r e la t i v e l y  la rg e  v a lu e s  i t  was 
expected  th a t  some in d ic a t io n s  w ou ld  have been o b ta in e d  from  th e  la rg e  
number o f  specim ens in v e s t ig a te d .
a t  t h e  r e l a t i v e l y  l o w  a n n e a l i n g  t e m p e r a t u r e  o f  5 0 0  C t h a t  w a s  u s e d .
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The e x is te n c e  o f  a p o s s ib le  in v e r s io n  la y e r  on th e  s u r fa c e  o f  
th e  specim ens due to  a c t i v i t y  o f  th e  im p la n te d  re g io n  was c o n je c tu re d
and as an e xp e rim e n t sam ples were im p la n te d  w ith  Argon io n s  a t  doses
'4 , ko f  1 x 10 and 1 x 10 io n s /c m  a t  e n e rg ie s  o f  40 keV and 70 keV. The
sam ples were measured b e fo re  a n n e a lin g  when, as e xp e c te d , p - ty p e  f i lm s
were d e te c te d  w h ich  c o u ld  o n ly  have been form ed by r a d ia t io n  damage.
o
The sam ples were then  f u l l y  annea led  a t  500 C and rem easured . T h e o r e t ic a l ly  
no f i lm s  were expec ted  once th e  r a d ia t io n  damage had been removed and 
i t  was th e re fo re  hoped th a t  th e  e xp e rim e n t w ould show i f  an in v e r s io n  
la y e r  e x is te d  a f t e r  a n n e a lin g . In  p r a c t ic e  th e  r e s u l t s  were in c o n s is te n t  
and in c o n c lu s iv e  w ith  some sam ples s t i l l  e x h ib i t in g  ev idence  o f  a p - ty p e  
f i lm  w h ile  o th e rs  d id  n o t .  T h e re fo re  thB  in t e n t io n  o f  in v e s t ig a t in g  
w he the r o r n o t th e  a n o d ic -o x id a t io n  s t r ip p in g  p ro ce d u re  a s s is te d  the  
fo rm a tio n  o f  an in v e r s io n  la y e r  was abandoned due to  v e ry  n o is y  c o n ta c t  
p rob lem s .
7 .2  F u tu re  In v e s t ig a t io n s
I t  i s  c le a r  th a t  an im proved  te c h n iq u e  f o r  rem oving  v e ry  t h in  la y e rs
(. ©
( in  th e  o rd e r  o f  50 A) from  germanium c r y s ta ls  w ith o u t  p ro d u c in g  
m echan ica l damage needs to  be deve loped  and f o r  r e l i a b le  p r o f i l e s  an 
e f f e c t iv e  method o f- d e te rm in in g  th e  th ic k n e s s  removed (p ro b a b ly  by an 
o p t ic a l  means) i s  a ls o  v i t a l .  W ith  more r e l ia b le  p r o f i l e s  th e  e f f e c t  
o f  in c o m p le te  io n is a t io n  and degeneracy f o r  h ig h  dop ing  le v e ls  c o u ld  be 
computed w ith  g re a te r  a c c u ra c y .
F u r th e r  in v e s t ig a t io n  o f  th e  a n n e a lin g  p ro c e s s , p a r t i c u la r l y  f o r  
Ind ium  a t  th e  h ig h e r  te m p e ra tu re  ra n g e , would a ls o  appear to  be in d ic a te d  
e s p e c ia l ly  i f  coup led  w ith  a s s o c ia te d  b a c k s c a tte r  e x p e r im e n ts .
I n v e s t ig a t io n  o f  th e  e le c t r i c a l  e f fe c ts  o f  o th e r  p - ty p e  im p u r i t ie s  
such as A lum in ium  and Boron w ou ld  a ls o  be o f  g re a t  in t e r e s t  and a lo g ic a l  
deve lopm ent o f  th e  work d e s c r ib e d  in  th e  p re c e d in g  c h a p te rs .
There a ls o  rem a ins  th e  p o s s ib i l i t y  o f  th e  in v e s t ig a t io n  o f  donor 
im p u r i t ie s  such as Phosphorus, A rs e n ic  and Antim ony im p la n te d  in t o
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p - ty p e  germanium p ro v id e d  th e  prob lem  o f making good ohmic c o n ta c t  
to  n - ty p e  f i lm s  can be overcom e.
1 1 0
L I S T  OF R E F ER E NC E S
1. S ta rk , J .  and Wendt, G.
2 . Baum, T.
3 . B ohr, N.
4 . O h l, R .S .
5 . C uss ins , W.D.
6 . Rourke, F .M ., S h e f f ie ld ,  J .C . 
and W h ite , F .A .
7 . A lv a g e r, T. and Hansen, N .J .
8 . Medved, D .B ., R o l ik ,  G .P ., 
S p e is e r , R.C. and
D a le y , H .L .
9 . Medved, D .B ., R o l ik ,  G.P. 
and S p e is e r , R.C.
10 . M cC a ld in , 3 .0 .  and 
Widmar, A .E .
11. P a v lo v , P .V .,  Z o r in ,  E . I .  
and T e te l'b a u m , D . l .
12 . Z o r in ,  E . I . ,  T e te l'b a u m , D . I . ,  
Popov, Yu.S . and 
G ra n its y n a , Z .K .
13. P a v lo v , P .M ., Z o r in ,  E . I . ,  
T e te l'b a u m , D . l .  and 
Popov, Yu.S.
14. A lto n ,  G.D. and Love, L.O .
15. Gunnersen, E .M ., H itc h c o c k ,
A .3 . and George, G.G.
16 . M ayer, 3 .W ., D a v ie s , 3 . A. 
and E r ik s s o n , L.
17. D a v ie s , 3 . A ., D enha rtog , 3 . ,  
E r ik s s o n , L . and M ayer, 3.W.
18. E r ik s s o n , L . ,  D a v ie s , 3 . A ., 
D enha rtog , 3 . ,  M atzke , H .3 . 
and W h it to n , 3 .L .
Ann. P h y s ik , 38_, 921 (1912)
Z. P h y s ik , 40 , 686 (1927)
K g l. Danske V idenskab Se lskab 
M a t-F ys . Medd, 18, 837 (1948)
B e l l  S y s t. Tech. 3 . ,  31, 104 (1952)
P ro c . Phys. S o c ., 68 , 213 (1955)
Rev. S c i.  I n s t r . ,  32!, 455 (1961)
Rev. S c i.  I n s t r . ,  33 , 567 (1962)
A p p l. Phys. L e t te r s ,  _3, 213 (1963)
B u l l .  Am. Phys. S o c ., j3, 593 (1963)
3 . A p p l. P h ys ., 35 , 1985 (1964 )
S o v ie t P h y s ic s -S o lid  S ta te , 8_, 
1560 (1966)
S o v ie t P h y s ic s -S o lid  S ta te , 6_, 
1592 (1964)
S o v ie t P h y s ic s -S o lid  S ta te , _6, 
2577 (1965)
R epo rt from  th e  Oak R idge 
N a tio n a l L a b o ra to ry  (1967)
P roceed ings o f  th e  C onference on 
A p p lic a t io n s  o f  Ion  Beams to  
S em iconductor T echno log y , G renob le
(1967)
R eport from  th e  Chalk R iv e r 
N u c le a r L a b o ra to r ie s  (1967)
R epo rt from  th e  Chalk R iv e r  
N uc lea r L a b o ra to r ie s  (1967)
Can. N u c l. T e c h ., _5, 40 (1966)
1 1 1
1 9 .  N i e l s e n ,  K . O .
20 L in d h a rd , 3 . and 
S c h a ff ,  FI.
21. L in d h a rd , 3 . ,  S c h a ff ,  FI. 
and S c h i / t t ,  3 .E .
22. Gusev, V .F l., Guseva, F I . I .  
K u r in n y , V . I . ,  Naumenko, 
V .G ., T i t o v ,  V .V . and 
T syp le n ko v , U .S.
23. K u r t in ,  S ., S h i f r in ,  G.A. 
and F lc G il l ,  T .C .
24. Parsons, 3 .R .
25. Runyan, bJ.R.
26. F la tthew s, FI.D. and 
H o llo w a y , D .F .
27. R ob inson , F l.T . and Den, O.S.
28. B e e le s , 3 .R . and Besco, D.G.
29. N e lson , R .S. and 
Thompson, Fl.lii.
30 . D e a rn ls y , G.
31. N e lson , R .S.
32. O n d e rd e lin d e n , D.
33. N e lson , R .S ., Flazey. D .3 . ,  
F la tthew s, FI.D. and 
H o llo w a y , D .F .
34. E r ik s s o n , L . ,  D a v ie s , 3 . A .,  
3ohansson, N .G .E . and 
Flayer, 3.L).
35. L in d h a rd , 3 .
36. Brown, F . ,  B a l l ,  G .C ., 
Channing, D .A ., Howe, L.F1., 
P r in g le ,  3 . P .S . and 
W h it to n , 3 .L .
37. F layer, 3.W. and F larsh, 0 .3 .
38 . P u t le y ,  E .H .
" E le c tro m a g n e t ic a lly -E n r ic h e d  
Is o to p e s  and Flass S p e c tro s c o p y ", 
Academic P ress , New York (1965)
Phys. R ev ., 124 , 128 (1961)
K g l.  Danske V idenskab S e lskab , 
F la t-F ys . F ledd., 33, 14 (1963)
R epo rt from  I .V .  K u rcha tov  I n s t ,  
o f  A tom ic Energy (1967)
R eport from  Hughes Research Labs
(1968)
P h i l .  F lag., 12, 1159 (1965)
" S i l ic o n  S em iconducto r T echno log y" 
F lcG ra w -H ill Book Co.
R eport from  U .K .A .E .A .,  H a rw e ll 
(1967)
Phys. R e v ., 132, 2385 (1963)
3 . A p p l. P h ys ., 34, 2873 (1963)
P h i l .  F lag., 18 , 1677 (1963)
IEEE T ra n s -N u c le a r S c ie n ce , 11,
249 (1964)
P h i l .  F lag., 14, 637 (1966)
A p p l. Phys. L e t te r s ,  f t ,  159 (1966)
Phys. L e t te r s ,  23, 18 (1966)
3 . A p p l. P h ys ., 40 , 842 (1969) 
F lunksgaard, Copenhagen, 34 , 14 (1965) 
N u c l. I n s t r .  F le thods, 38 , 249 (1965)
T e c h n ic a l R e p o rt, Hughes Research 
Labs. (1967)
"The H a ll  E f f e c t  and R e la te d  
Phenomena", B u tte rw o r th  P ress ( i9 6 0 )
112
39. G o ldbe rg , C. and D a v ie s , R.E.
40. La rge , L .N . ,  and H i l l ,  H.
41 . La rge , L .N .,  H i l l ,  H. and
B e l l ,  M .P.
42 . Pauw, L .3 .  van de r
43 . Pauw, L .3 .  van der
44. George, G.G. and 
Gunnersen, E.M.
45 . Gunnersen, E.M.
46 . H en isch , H .K .
47. P e t r i t z ,  R .L .
48 . B u e h le r, M.G.
49 . Tannenbaum, E ile e n
50. Z w e rd lin g , S. and 
S h e ff ,  S.
51. W ales, R.D.
52. George, G.G.
53. M ayer, 3 .W ., M arsh, 0 . 0 . ,  
S h i f r in ,  G.A. and Baron , R.
54.
55. M arsh, 0 . 0 . ,  S h i f r i n ,  G .A ., 
Baron, R ., W ils o n , R.G. 
and B rew er, G.R.
56. Hemment, P .L .F .
57. E l l i s ,  R. and Gunnersen,
E.M.
58. C le la n d , O.W ., C ra w fo rd ,
O.H. and P ig g , O.C.
59. T in s le y ,  A .W ., Oones, K .C ., 
S tevens , P .R .C ., George,
G.G. and Gunnersen, E.M.
60. Harman, T .C .,  W il la rd s o n ,
R .K . and B eer, A .C .
S .E .R .L . Tech. 0 . ,  16 (1966)
S .E .R .L . Tech. 0 . ,  17 (1967)
P h i l ip s  Res. R e p t. ,  13, 1 (1958)
P h i l ip s  Res. R e p t. ,  16 . 187 (1961)
P roc . 7 th  I n t .  C on f. on th e  
P h ys ics  o f  S em icondu c to rs , P a r is  
(1964)
Rep. P rog . P h ys ., 310 (1967)
" R e c t i f y in g  S em iconducto r C o n ta c ts "  
C larendon P ress (1957)
Phys. R e v ., 110, 1254 (1958)
S ta n fo rd  Res. R e p t. ,  SEL-66-064
(1966)
S o lid  S ta te  E le c t r o n ic s ,  2_, 123 (1961) 
0 . E le c tro ch e m . S o c ., 107, 338 ( i9 6 0 )
0 . E le c tro ch e m . S o c ., 110. 914 (1963 ) 
P r iv a te  Com m unication
R epo rt from  Hughes Research Labs®
(1967)
In te g ra te d  S i D ev ice  Tech. V o l. IV : 
D i f fu s io n  Tech. Documents ASD-TSR- 
6 3 /3 , V o l. IV  (Feb . 1964)
T e c h n ic a l R epo rt from  Hughes 
Research Labs. (O c t.  1968)
3 . S c i.  I n s t . ,  43 , 389 (1966)
" Io n  Im p la n te d  C o n ta c ts  to  L ith iu m -  
D r i f t e d  Ge C o u n te rs " , U .K .E .A .,
R epo rt
P h y s . 'R e v ., 99, 1170 (1955)
European C on f. on Io n  Im p la n ta t io n ,  
Reading (1 9 7 0 ), P e te r P e re g r in u s  L td .
Phys. R ev ., 94, 1065 (1954)
P h y s .  R e v . ,  9 4 ,  1 1 2 1  ( 1 9 5 4 )
1 1 3
61. F r i tz c h e ,  H.
62. B i l l i n g t o n ,  D .S . and 
C ra w fo rd , 3 .H .
63. 3onas, K .C . and S tevens,
P. R • C *
64. T in s le y ,  A.
65. Brown, F. and D a v ie s , 3 . A.
66. Mazey^ D .3 .
67. H itc h c o c k , A .3 .
68. H itc h c o c k , A .3 .
69. G e re th , R.
70 . Hemment, P .L .F .
71. G ibson, W.M., M a r t in ,  F . l i i . ,  
S tensgaa rd , R ., Pa lm gren- 
3ensen, F . ,  M eyer, N . I . ,  
G a ls te r ,  G ., 3ohansen, A. 
and O lsen , 3 . S.
72. Hemment, P .L .F .
73. M ayer, 3 .W ., M arsh, 0 . 3 . ,  
S h i f r in ,  G.A. and 
Baron, R.
74. S tevens , P .R .C . and 
T in s lB y ,  A.W.
75. Freeman, 3 .H .
76. G ibson, A .F . and 
B urgess, R .E .
77. 3onsche r, A .K .
"R a d ia t io n  Damage in  S o lid s "  
P r in c e to n  U n iv . P ress (1961)
E le c t r o n ic s  L e t te r s ,  J5, 20 (1969)
P h y s .  R e v . ,  9 9 ,  4 0 6  ( 1 9 5 5 )
P r iv a te  Com m unication
Can. 3 . P h ys ., 4 1 , 844 (1963)
P roc . 6 th  I n t .  C on f. on E le c tro n  
M ic ro sco p y , K yoto  (1966)
3 . A p p l. P h ys ., 37 , 2726 (1966)
P r iv a te  Com m unication
R eport o f  S hock ley  Research Lab. 
(1963)
P r iv a te  Com m unication
C on f. on A p p lic a t io n s  o f  Io n  Beams 
to  S em iconducto r Techno logy , 
G renob le  (1967)
P r iv a te  Com m unication
Can. 3 . P h y s ., 4 5 , 4073 (1967)
"A n a ly s is  o f  E le c t r i c a l  Measurement 
o f  Io n - Im p la n te d  Layers  in  Semi­
c o n d u c to rs "  ( t o  be p u b lis h e d )
European C on f. on Io n  Im p la n ta t io n ,  
Reading (1 9 7 0 ), P e te r P e re g r in u s  L td .
"P ro g re ss  in  S e m ico n d u c to rs ",
V o l. 9 , 49 , Heywood Press (1965)
" P r in c ip le s  o f  S em iconducto r 
O p e ra t io n " , G. B e l l  & Sons L td .  
( I9 6 0 ) .
1 1 4
A P P E N D I X  I S T U D I E S  ON I M P L AN T S  I NTO S I L I C O N
a) G enera l
I n i t i a l  e xp e rim e n ts  were c a r r ie d  o u t w ith  s i l i c o n  a lth o u g h  t h is  
was l a t e r  d is c o n t in u e d  in  p re fe re n c e  to  germanium f o r  thB reasons 
e x p la in e d  in  t h is  A ppend ix .
However, th e  e x p e rim e n ts  d id  have p o s i t iv e  b e n e f i t s  in  th a t  th e y  
enab led  th e  equ ipm ent and methods th a t  were l a t e r  to  be used on germanium 
to  be deve loped and r e f in e d  and th e  e xp e rim e n ts  a ls o  gave im p o r ta n t 
p r a c t ic e  on th e  p re p a ra t io n  and h a n d lin g  o f  th e  d e l ic a te  specim ens 
r e q u ire d .
^ J?
A.W .R.E. w o rke rs  had im p la n te d  low  ( l  to  3 x 10 io n s /cm  ) doses
o f  125 keB Boron io n s  in t o  1 Jlc« n - ty p e  s i l i c o n  and had measured th e
e le c t r i c a l  pa ram e te rs  by th e  d io d e  c a p a c ita n c e  b ia s  method (1 5 , 44 , 4 5 ) .
The r e s u l t s  o b ta in e d  seemed to  in d ic a te  th a t  p r io r  to  a n n e a lin g  a change
in  r e s i s t i v i t y  was caused by a predom inance o f  in t ro d u c e d  a c c e p to r  d e fe c ts
whose n e t e f f e c t  was to  c o n t r ib u te  h o le s .  However a f t e r  a n n e a lin g  f o r
o o
30 m in u te s  a t  te m p e ra tu re s  between 300 C and 900 C, th e  r e s i s t i v i t y  was
a lte r e d  m a rked ly  and th e  change then  appeared due to  a predom inance o f
donor d e fe c ts  whose n e t e f f e c t  was to  c o n t r ib u te  e le c t r o n s .  S im i la r
r e s u l t s  were o b ta in e d  when th e  method was used on n - ty p e  s i l i c o n  im p la n te d
12
w ith  100 keV e le c t r i c a l l y - i n a c t i v e  C io n s .  C le a r ly  th e re  was a need to  
check th e  d io d e  c a p a c ita n c e  b ia s  method by d e te rm in in g  th e  e le c t r i c a l  
p r o f i l e s  by an a l t e r n a t iv e  m ethod.
E le c t r i c a l  e v a lu a t io n  te c h n iq u e s  have been g e n e ra l ly  d is cu sse d  in  
S e c tio n  4 .3 .  Three d i f f e r e n t  approaches were c o n s id e re d ;
l )  The f i e l d  e f f e c t  d e v ic e  (6 7 ) .  T h is  method u t i l i s e s  
th e  p r in c ip le  o f  a re v e rs e d -b ia s e d  ga te  f o r  c o n t r o l l in g  th e  
conductance in  th e  base . However, in  a d d i t io n  to  be ing
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r e s t r ic t e d  to  a s m a ll b ia s  ra n g e , the  method assumes a 
p a r a l le l - p la t e  c a p a c ita n c e  r e la t io n s h ip  and i s ,  th e re fo re ,  
n o t a t r u l y  in d e p e n d e n t m ethod.
2) The fo u r  p o in t  p ro b e . T h B  probe i s  used to  measure 
th e  sh e e t r e s i s t i v i t y  and th in  la y e rs  o f  s i l i c o n  a re  removed 
by a n o d ic -o x id a t io n  s t r ip p in g .  Gunnersen e t  a l  (1 5 ) re p o r te d  
d i f f i c u l t i e s  w ith  t h is  method due to  prob lem s o f  making good 
e le c t r i c a l  c o n ta c t  to  h ig h  r e s i s t i v i t y  m a te r ia l and th e  e f f e c t  
o f  s u r fa c e  roughness o f  th e  e tched  s i l i c o n  a lth o u g h  Large ( 4 l )  
used s t a t i s t i c a l  methods to  overcome v a r ia t io n s  in  p robe v o lta g e s .
I t  was a ls o  re p o r te d  (6 8 ) th a t  v e ry  w ide v a r ia t io n s  in  measurement 
were o b ta in e d  f o r  s i l i c o n  samples im p la n te d  w ith  low  doses o f  125 
keV 11B io n s .
3 ) The Van d e r Pauw method (d is c u s s e d  in  d e t a i l  in  S e c tio n  
4 .3 .3 .3 ) .  T h is  method suggested  a p o s s ib le  a l t e r n a t iv e  and 
in d e p e n d e n t way o f  m easuring  th e  r e s i s t i v i t y  and H a ll  e f f e c t  and 
d e te rm in in g  thB  e le c t r i c a l  p r o f i le s  p a r t i c u la r l y  i f  i t  c o u ld  be 
combined w ith  a s a t is f a c to r y  s t r ip p in g  te c h n iq u e .
A t th e  low  doses o f  in t e r e s t ,  change o f  ty p e  w ould n o t take
p la c e  and as th e  t o t a l  p e n e tra t io n  o f  125 keV Boron io n s  i s
©
p re d ic te d  as a p p ro x im a te ly  2000 A w ith  a s t ra g g le  in  th e  o rd e r 
o
o f  500 A in  an u n ch a n n e lle d  d i r e c t io n  t h is  im p lie d  th a t  each samplB
o
w ould have to  be as t h in  as p o s s ib le  ( i . e .  5000 A say ) so th a t  s m a ll
Q
changes in  v o lta g e  as 50 -  100 A la y e rs  were removed from  th e  
im p la n te d  la y e r  c o u ld  be m easured. Such a sample w ould need to  
be a d e q u a te ly  su p p o rte d  to  p ro v id e  th e  necessary  m echan ica l 
s t re n g th  and th e  s u p p o rt w ou ld  n o t o n ly  have to  be e le c t r i c a l l y  
n o n -c o n d u c tin g  b u t i t  w ou ld  a ls o  have to  possess a s im i la r  
c o e f f i c ie n t  o f  expans ion  to  th e  sample so th a t  a n n e a lin g  co u ld  . 
be c a r r ie d  o u t w ith o u t  s t r e s s in g  th e  sample u n d u ly . In  p r a c t ic e ,  
such specim ens were u n o b ta in a b le  Q iu t see S e c tio n  e ) o f  t h is
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A ppend ix ) and i t  was th e re fo re  dec ided  to  make p re l im in a r y  
measurements on e p i t a x ia l  f i lm s  s in c e  thesB  were r e la t i v e l y  
t h in  and i t  was hoped th a t  th e se  co u ld  be e f f e c t i v e ly  is o la te d  
from  t h e i r  s u b s t ra te s .
b) E p i t a x ia l  S i l ic o n  F ilm s
Samples, 5 mm x 5 mm sq u a re , were p repa red  from  n - ty p e  e p i t a x ia l  
f i lm  on p - ty p e  s i l i c o n  (C h isso  N o.20 ; f i lm  th ic k n e s s  46 m ic ro n s , f i lm  
r e s i s t i v i t y  2 3 *5 Hem, s u b s tra te  r e s i s t i v i t y  ^ 2 0 0  F ly in g  le a d s
o f  g o ld  w ire  were a tta c h e d  to  th e  fo u r  c o rn e rs  w ith  g o ld -a n tim a n y  a l lo y  
u s in g  a th e rm a l com press ion  te c h n iq u e  (5 6 ) so th a t  th e  square  specimen 
shape c o n s t i tu te d  th e  Van d e r Pauw c o n f ig u r a t io n .  I t  was found  th a t  
t h is  method o f  m aking c o n n e c tio n s  gave ohmic c o n ta c ts  w ith o u t  punch ing  
th ro u g h  th e  e p i t a x ia l  f i lm  -  a d i f f i c u l t y  th a t  had been re p o r te d  by 
o th e r  w o rke rs  (6 9 ) .
Measurements o f  r e s i s t i v i t y  and H a ll  c o e f f i c ie n t  as a fu n c t io n  o f  
th e  a p p lie d  c u r re n t  a t  room te m p e ra tu re  were made and th e  r e s u l t s  a re  
shown in  F ig u re  A I . l .
c r = ~  = n e y u & +
I t ,  how ever, does n o t fo l lo w  th a t  th e  c o n d u c t iv i t y ,  O3* ( o r jO  ) i s  
n e c e s s a r i ly  c o n s ta n t f o r  c o n s ta n t and yO s in c e  io n is e d  im p u r i t y  l a t t i c e  
s c a t te r in g  causes th e  m o b i l i t ie s  to  decrease as th e  te m p e ra tu re  in c re a s e s . 
I t  w ou ld , th e r e fo r e ,  seem th a t  th e  a p p lie d  c u r re n t  p roduced a h e a tin g  
e f f e c t  w h ich  o ve r th e  l im i t e d  range taken  appears to  cause a p p ro x im a te ly  
l in e a r  in c re a s e s  in  b o th  ^  and .
ft
S ince  ~  ^  , f o r  e q u a l in c re m e n ts  o f  and &H w i l l
rem ain  c o n s ta n t.
F ig u re  A I .2  shows yO as a fu n c t io n  o f  th e  a p p lie d  c u r re n t  measured 
a t  -3 0  C ( b o i l in g  te m p e ra tu re  o f  l i q u id  F reon , C.C£2 ) 6 I t  shows a
s im i la r  l in e a r  in c re a s e  in  j©  w ith  c u r re n t  to  th a t  measured a t  room 
te m p e ra tu re  a f t e r  ta k in g  in t o  a cco u n t th e  d i f fe r e n c e  in  r e s i s t i v i t y  a t  
th e  lo w e r c u r r e n t .
1 1 7
CURRENT,
FIGURE A l . l  H a ll  c o e f f i c ie n t ,  r e s i s t i v i t y  and H a ll
m o b i l i t y  as a fu n c t io n  o f  c u r re n t  f o r  
an S i e p i t a x ia l  f i lm
Measured a t  room te m p e ra tu re , 
f t ;  HALL MOBILITY, cm ^/vs (x  103 )
JB; RESISTIVITY, JLcm
C: HALL COEFFICIENT, cm2/ c  (x  103 )
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FIGURE A I.2  R e s is t i v i t y  as a fu n c t io n  o f  c u r re n t
f o r  an S i e p i t a x ia l  f i lm
Measured a t  -30  C
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The v a lu e  o f  r e s i s t i v i t y  o b ta in e d  a t  room te m p e ra tu re  compared 
fa v o u ra b ly  w ith  th a t  s ta te d  by th e  m a n u fa c tu re r seeming to  in d ic a te  
th a t  th e  c u r re n t  f lo w  was p re d o m in a n tly  th ro u g h  th e  e p i t a x ia l  f i lm ,
i . e .  th e  p -n  ju n c t io n  o r  th e  h ig h e r  r e s i s t i v i t y  s u b s tra te  o r a 
c o m b in a tio n  o f  b o th  e f f e c t i v e ly  is o la te d  the  e p i t a x ia l  la y e r .
Subsequent specim ens, how ever, d id  n o t e x h ib i t  t h is  d e s ira b le  
c h a r a c t e r is t ic .  A tte m p ts  to  in c re a s e  th e  ju n c t io n  i s o la t io n  by 
e x te rn a l re v e rs e  b ia s s in g  produced th e  same u n d e s ira b le  fe a tu re s  
re p o r te d  in  c o n n e c tio n  w ith  germanium in  S e c tio n  6 .1 .1 .
T r ia l  im p la n ta t io n s  o f  120 keV Boron io n s  a t  doses 'V  2 x 1 0 W 
io n s /c m ^  a t  an a n g le  o f  7 from  th e  <  111 >  d i r e c t io n  to  m in im ise  
c h a n n e ll in g  were c a r r ie d  o u t and i t  was found th a t  th e  a p p a ra tu s  was 
n o t s u f f i c i e n t l y  s e n s i t iv e  to  measure the  v e ry  s m a ll changes in  v o lta g e  
p roduced .
No f u r t h e r  work was u n d e rta ke n  on e p i t a x ia l  f i lm s  u s in g  th e  Van 
der Pauw c o n f ig u r a t io n  method m a in ly  due to  th e  d i f f i c u l t y  in  p re p a r in g  
s a t is f a c to r y  spec im ens. I t  appeared th a t  the  e p i t a x ia l  f i lm s  a re  l i a b le  
to  c o n ta in  in h e re n t  d e fe c ts  w h ich  r e s u l t  in  lo c a l is e d  a reas  o f  v e ry  h ig h  
r e s i s t i v i t y  and under th e se  c irc u m s ta n c e s  c o n s id e ra b le  c u r re n t  leakage  
to  th e  s u b s tra te  ta k e s  p la c e . Thus th e  v e ry  s m a ll changes due to  the  
im p la n ta t io n  o f  th e  e p i t a x ia l  f i lm  tends  to  be swamped by th e  e f f e c t s  
o f  th e  d e fe c ts  and th e  s u b s t ra te .
I t  was a ls o  no te d  th a t  th e  a c t io n  o f  's w itc h in g *  c u r re n t  gave 
d e c re a s in g  va lu e s  o f  r e s i s t i v i t y  a lth o u g h  samples d id  p a r t i a l l y  re c o v e r 
i f  l e f t  f o r  a p e r io d  o f  a t  le a s t  30 m in u te s . T h is  phenomena had been 
p re v io u s ly  no ted  by o th e r  w o rke rs  on s i l i c o n  e p i t a x ia l  f i lm s  (7 0 ) .  I t  
i s  th o u g h t th a t  a t  th e  v e ry  h ig h  va lu e s  o f  r e s i s t i v i t y  b e ing  o b ta in e d , 
c u r re n t  su rges a f f e c t in g  io n s  in  i n t e r s t i t i a l  p o s i t io n s  became s ig n i f i c a n t .
c )  T h in  D if fu s e d  F ilm s
Samples were p re p a re d  from  liiacker 3000 J l  cm p - ty p e  s i l i c o n  by c u t t in g  
in t o  1 mm s l ic e s  and o p t i c a l l y  p o l is h in g  one s id e .  The m echan ica l damage
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produced was removed by a 1 m in u te  e tch  in  CP4 s o lu t io n .  The samples
were then  g ive n  a t h ic k  d i f f u s io n  o f  Phosphorus on a l l  s id e s  by 20 th
C en tu ry  E le c t r o n ic s .  I t  was hoped th a t  by g iv in g  a lo n g  d i f f u s io n  o f
16 hours  a t  1100 C w ould r e s u l t  in  a 'p la te a u *  in  th e  c o n c e n t ra t io n /
p e n e tra t io n  r e la t io n s h ip .  The back o f  each sample was ground to  remove
th e  d if fu s e d  la y e r  and th e  sam ples were t re a te d  w ith  H y d r o f lu o r ic  A c id
to  remove thB  b lu e  la y e r  o f  Phosphorus O x ide . They were then  c u t  to
produce 6 mm x 6 mm square  spec im ens. The fo u r  c o rn e rs  on th e  top
s u r fa c e  were ground w ith  4 m ic ron  diamond p a s te , n ic k e l  p la te d  and 
o ,
a llo y e d  a t  700 C f o r  1^  m in u te s  and then  g o ld  f l y i n g  le a d s  were a tta c h e d  
w ith  in d iu m  s o ld e r .  Some sam ples were a ls o  p re p a re d  w ith o u t  th e  a l la y in g  
s tage  in  case t h is  p ro ce ss  a f fe c te d  th e  d i f f u s io n  d is t r i b u t io n .
T e s ts  in d ic a te d  th a t  th e  d i f fu s e d  la y e r  had a th ic k n e s s  o f  th e  o rd e r  
o f  25 to  30 m ic ro n s  and no d is c e rn a b la  d i f fe re n c e  was d e te c ta b le  between 
th B  a llo y e d  and n o n -a llo y e d  sam ples.
Measurements re v e a le d  t h a t  th e  r e s i s t i v i t y  o f  th e  d i f fu s e d  la y e r
-3
i t s e l f  was in  th e  o rd e r  o f  8 x 10 -fit. cm and th e r e fo re  th e  la r g e s t  
v o lta g e  v a r ia t io n  th a t  c o u ld  be o b ta in e d  a t  th e  c u r re n t  a v a i la b le  was 
le s s  than  0°5 mV. The re q u ire d  measurements were th e re fo re  v i r t u a l l y  
o u ts id e  th e  a ccu ra cy  o f  th e  equ ipm ent a v a i la b le  ( i . e .  th e  l a s t  d i g i t  
o f  th e  6 d i g i t  v o ltm e te r  when on i t s  most s e n s i t iv e  s c a le )  and as a 
r e s u l t  i t  was necessa ry  to  use s t a t i s t i c a l  methods in  e v a lu a t in g  th e  
m easurem ents. There was a maximum d e v ia t io n  o f  ~  30^ in  in d iv id u a l  
re a d in g s  from  th e  mean.
Samples were im p la n te d  w ith  Boron io n s  a t  120 keV and w ith  doses
<3 '3 / 2
ra n g in g  from  3 x 10 to  6«5 x 10 io n s /cm  and a nnea led .
Measurements taken  b e fo re  and a f t e r  im p la n t in g  showed t o t a l  changes 
in  r e s i s t i v i t y  o f  6 to  10% b u t a g a in  these  were s u b je c t  to  w ide 
d e v ia t io n .
d) 'B r id g e -S h a p e d ' Samples
F o llo w in g  th e  measurements d e s c r ib e d  in  th e  p re v io u s  S e c tio n , i t  
was c le a r  th a t  e i t h e r  more s e n s i t iv e  equ ipm ent was re q u ire d  o r  th e
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v o lta g e s , to  be measured w ou ld  have to  be in c re a s e d . Due to  l im i t a t io n s  
o f  o b ta in in g  more s e n s i t iv e  equ ipm ent o r s i l i c o n  m a te r ia l  o f  a h ig h e r  
r e s i s t i v i t y ,  i t  was dec ided  to  d e p a rt from  th e  Van d e r Pauw c o n f ig u r a t io n  
and adop t th e  more t r a d i t i o n a l  'b r id g e *  o r 'd u m b -b e ll ' shaped samples 
used by o th e r  w o rke rs  (7 1 ) from  th e  e x is t in g  m a te r ia ls  a v a i la b le .  In  
th e  b r id g e  shape th e  c u r re n t  p a th s  pass a long  th e  lo n g  a x is  and th e re fo re  
g iv e  much h ig h e r  v a lu e s  o f  v o lta g e  d ro p .
The sam ples were p re p a re d  from  n - ty p e  e p i t a x ia l  f i lm  o r p - ty p e  
s i l i c o n  (C h is s o ; Boron-doped f i lm  on Phosphorus-doped S i s u b s t r a te ) .
The f i lm  th ic k n e s s  was o f  th e  o rd e r  o f  40 m ic ro n s  and th e  t o t a l  th ic k n e s s  
o f  th e  f i lm  and s u b s tra te  was 180 to  220 m ic ro n s .
The b r id g e -s h a p e  was p re p a re d  by u l t r a s o n ic  d r i l l i n g  o f  th e  
specim ens, u s in g  a s u ita b ly -s h a p e d  t o o l ,  to  a dep th  be low  th a t  o f  th e  
e p i t a x ia l  la y e r  i . e .  ^  50 m ic ro n s .
I t  was fo u n d , how ever, th a t  th e  prob lem s o f  e p i t a x ia l  f i lm s  re p o r te d  
in  S e c tio n  b ) s t i l l  p e r s is te d  and th e re fo re  th e  e x p e rim e n t was 
d is c o n t in u e d .
e) E x tre m e ly -T h in  Samples
A t t h i s  s ta g e  i t  was c o n s id e re d  th a t  th e  o n ly  way o f  p o s s ib ly  
o b ta in in g  e f f e c t iv e  r e s u l t s  was to  produce th e  e x tre m e ly  t h in  s i l i c o n  
specim ens d is cu sse d  in  S e c tio n  a ) .  In  v iew  o f  th e  e xp e rie n ce , g a ined  i t  
was f e l t  t h a t  th e  t o t a l  th ic k n e s s  w ould have to  be n o t more than  10 
m ic ro n s  in  o rd e r  th a t  d i f fe r e n c e s  in  im p la n t in g  a la y e r  0 “ 5 to  1°0  m ic ron  
th ic k  c o u ld  bB d e te c te d . S ince  th e  p ro d u c t io n  o f  such s p e c ia l is e d  
specim ens re q u ire d  s p e c ia l know ledge o f  e tc h in g  and h a n d lin g  te c h n iq u e s  
t h i s  l i n e  o f  in v e s t ig a t io n  was passed to  o th e r  w o rke rs  a t  A .W .R.E. and 
i s  th e r e fo re  o u ts id e  th e  scope o f  t h is  r e p o r t .  However, i t  i s  u n d e rs to o d  
th a t  sam ples o f  th e  o rd e r  o f  8 m ic ro n s  were e v e n tu a l ly  produced (7 2 ) .
The a u th o r  tu rn e d  h is  a t t e n t io n  to  th e  im p la n ta t io n  o f  io n s  in t o  
germanium w here, u n l ik e  th e  p rob lem s encoun te red  in  c o n n e c tio n  w ith  low  
dose im p la n ta t io n s  in t o  s i l i c o n ,  i t  was proposed to  use h ig h  doses in
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o rd e r to  change typ e  and to  use th e  r e s u l ta n t  p -n  ju n c t io n  to  p ro v id e  
th e  necessa ry  is o la t io n  o f  th e  im p la n te d  la y e r  from  th e  base m a te r ia l,  
D e ta i ls  o f  t h is  work a re  d e s c r ib e d  in  C hapters  5 , 6 and 7 .
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^  ~ STRAGGLE COMPUTED FOR VARIOUS IONS IN
GERMANIUM BY THE LINDHARD THEORY
A P P E N D I X  I I  MEAN RA N GE ,  MEAN P RO JE C T E D RANGE AND A P P R O X .
Germanium, Ge
Mass; 72*60 Z  ; 32 D e n s ity  ; 5*400
Io n s ;
a) Boron, B
Mass; 11 “ 00 Z :  5
Mu; 6« 5999 Gamma : 0-4570 K ; 0*4710
(keV) £ / ° R(A) Rp(A) A pprox.
S tra g g le
20 0*9781 1 “ 30 1197 374 103
40 1*9563 2*50 2301 719 198
60 2 “ 9345 3*60 3314 1036 286
80 3 “ 9127 4 “ 64 4280 1338 369
100 4*8908 5 “ 55 5109 1597 441
120 5°8690 6*40 5891 1841 508
b) A lum in ium , ,A l
Mass; 27 •00 Z :  13
Mu; 2 “ 6888 Gamma; 0*7903 K ; 0*2626
(keV) £ / *
O
R(A) Rp(A) A pprox.
S tra g g le
20 0*2882 0*67
40 0*5764 1*19
60 0*8646 1*67
80 1*1529 2*15
100 1*4411 2*60
120 1*7293 3*06
433 228 83
763 402 146
1067 563 204
1374 725 263
1667 879 319
1960 1034 375
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c) Phosphorus, P
Mass : 31-00 Z  % 15
Mu : 2-3419 Gamma : 0*8387 K : 0*2427
E (keV) £ /* R(A) Rp(A) Approx. 0 Straggle (A)
20 0-2360 0-58 366 206 77
40 0-4720 1-02 641 360 135
60 0-7080 1-43 895 503 188
80 0-9440 1-84 1151 647 242
100 1-1800 2-24 1398 785 294
120 1-4160 2*62 1639 921 344
d) Gallium, Ga
Mass : 69-72 2T • 31
Mu : 1-0413 Gamma t 0*9995 K s 0*1605
E (keV) £ z5
Q
R(A) Rp(A) Approx. o 
Straggle (A)
20 0-0748 0-26 173 129 52
40 0-1496 0-43 280 208 85
60 0*2244 0-59 386 287 117
70 0-2618 0-67 436 324 132
80 0-2993 0*75 487 361 147
100 0-3741 0-90 587 436 178
120 0-4489 1*05 683 507 207
G) Arsenic, As
Mass : 74-90 2  : 33
Mu : 0-9691 Gamma s 0-9997 K : 0-1561
E (keV) £ r R(A) 55(A) Approx. 0 Straggle (A)
20 0-0671 0*25 166 126 51
40 0-1342 0-39 263 199 81
60 0-2013 0-55 364 275 112
80 0-2684 0-69 456 345 141
100 0-3355 0-83 548 414 169
120 0-4026 0-97 640 484 198
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0 In d iu m , In
Mass : 114*80 Z  % 49
Mu : 0*6324 Gamma : 0*9492 K ; 0*1378
E (keV) £
r
O
R(A) M A ) A pprox . 0 
S tra g g le  (A )
20 0*0331 0*14 114 94 37
40 0-0662 0*25 201 166 66
60 0-0994 0-32 257 213 85
70 0-1160 0-36 288 238 95
80 0*1325 0-39 319 264 105
100 0-1657 0-47 381 315 125
120 0-1988 0-55 443 366 145
o) A n tim ony, Sb
Mass ; 121*70 2 T : 51
Mu ; 0-5965 Gamma ; 0-9361 K J 0-1354
E (keV ) £
z 9
o
R(A) Rp(A) A pprox. 0 
S tra g g le  (A )
20 0*0304 0*13 108 90 36
40 0*0609 0*24 198 165 65
60 0*0914 0-30 251 210 83
80 0-1219 0*37 308 257 102
100 0-1523 0-44 367 306 121
120 0-1828 0*51 426 355 140
The graphs o f th e  p ro je c te d  ra n g e , Rp, ve rsu s a c c e le ra t in g
v o lta g e , E, f o r  th e io n s  ta b u la te d  a re p lo t te d  in F ig u re  A I I . 1 .
1 2 6
ME
AN
 
PR
OJ
EC
TE
D 
RA
NG
E
ACCELERATING VOLTAGE, keV
FIGURE A I I . l P ro je c te d  range ve rsus  a c c e le ra t in g  
v o lta g e  f o r  v a r io u s  io n s  in  Ge u s in g  
L in d h a rd 's  th e o ry
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A P P E N D I X  I I I n - T Y P E  GERMANIUM S U B S T R A T E S
For th e  e xp e rim e n ts  d e s c r ib e d  in  C hapter 6, two ty p e s  o f  
n - ty p e  germanium m a te r ia l  were used. D e ta i ls  o f  these  m a te r ia ls  
were as fo l lo w s ;
'Low* R e s is t i v i t y  M a te r ia l
R e fe re n ce ; 197B0B. M a n u fa c tu re r; Hoboken, B e lg ium .
R e s is t i v i t y ;  1 -55  to  l*85J ftcm . O r ie n ta t io n ;  111— 1 11
L i fe t im e ;  270yuS. D is lo c a t io n s ;  HOO-lSOO/cm21.
'H ig h 1 R e s is t i v i t y  M a te r ia l
R e fe re n ce ; V 81463A. M a n u fa c tu re r; Hoboken, B e lg ium . 
R e s is t i v i t y ;  30-38 -rfcm. O r ie n ta t io n ;  111— 2.
L i fe t im e ;  750y«S. D is lo c a t io n s ;  0.
A P P E N D I X  I V NORMAL I SED G A U S S I A N
For a n o rm a lis e d  g a u s s ia n , a rea  under cu rve  = 1
2L e t th e  io n  dose d is t r ib u te d  o ve r the  p r o f i l e  = D io n s /cm
3L e t Nx  be th e  number o f  io n s /cm  a t  d is ta n c e  2C 
below  th e  s u r fa c e , then
2>
N* ~ cr Jzrc e 2 cra
L e t be th e  number o f  ions/cm *3 a t  d is ta n c e  y U  below  the  
s u r fa c e  ( i . e .  3C = ) ,  then
X>
NO c r j z r r Atons/ c m
3I f  Ns i s  th e  number o f  io n s /cm  a t  th e  s u r fa c e  ( = o  ) and
i f  y d  -  Rp , then
-  ( - * ? ^
Nc ~  A/o e
-  #*=>
A/j =  Na £  ^ ions/*c m
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A P P E N D I X  V C O N D U C T I V I T Y  OF I C E
Some concern  was f e l t  ove r th e  d i r e c t  im m ers ion  o f  samples in t o  
l iq u id - n i t r o g e n  n o t o n ly  f o r  reasons o f  th e rm a l shock b u t a ls o  f o r  
p o s s ib le  s h o r t - c i r c u i t in g  e f f e c t  o f  ic e  fo rm a tio n  on th e  e le c t r i c a l  
measurem ents.
The In te r n a t io n a l  C r i t i c a l  T ab les  o f  N um erica l D ata ; P h y s ic s , 
C h e m is try  and T echno log y , V I,  152 (McGraw H i l l )  g iv e s  the  e le c t r i c a l  
c o n d u c t iv i t y  o f  ic e  as fo l lo w s :
T em pera tu re , °C . © "*+ “ /©
E le c t r i c a l  C o n d u c t iv i ty ,  * 2 ^ 0  2 3  I I
. , Ho }/*J® tHoI Q  I Q  SO t o
R e s is t i v i t y ,  -H- cm // 2'6
From these  quo ted  v a lu e s  i t  c o u ld  re a so n a b ly  be e x tra p o la te d  th a t  
f o r  l iq u id - n i t r o g e n  te m p e ra tu re  th e  r e s i s t i v i t y  w i l l  be s u f f i c i e n t l y  
h ig h  t h a t  th e re  was no danger o f  ic e  fo rm a tio n  a f f e c t in g  the  measurements,
T h is  was a ls o  v e r i f i e d  e x p e r im e n ta lly  by m easuring  sam ples d i r e c t l y  
immersed in  l iq u id - n i t r o g e n  in  c o n d it io n s  w h ich  w ould have fa v o u re d  th e  
fo rm a tio n  o f  ic e  and re p e a t in g  th e  measurements w ith  th e  samples 
su p p o rte d  in  a vacuum chamber co o le d  to  th e  same te m p e ra tu re .
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APPENDIX VI TEMPERATURE/BMP RELATIONSHIP
FOR T,/ADVANCE THERMOCOUPLE^"
F ig u re  A V I . l  g iv e s  th e  r e la t io n s h ip  between te m p e ra tu re  and 
th e  the rm ocoup le  v o lta g e  f o r  a Tt /A dvance  the rm ocoup le  w ith  one 
ju n c t io n  immersed in  m e lt in g  ic B .
THERMOCOUPLE EMF, mV «
FIGURE A V I . l  Tem pera tu re /E m f r e la t io n s h ip  f o r
T»/Advance the rm ocoup le
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A P P E N D I X  V I I CONTACTS TD n - T Y P E  G e  F I L M S
A tte m p ts  were made to  make s a t is f a c to r y  ohmic c o n ta c ts  to  n - ty p e  
germanium f i lm s  by io n  im p la n t in g  c o n ta c t  a re a s .
The m a te r ia l  used was F699 p - ty p e  germanium m anu fac tu re d  by 
S y lv a n ia  E le c t r ic  In c .  (p - ty p e  im p u r i t y  G a lliu m ; r e s i s t i v i t y  30-38.«<:s?; 
l i f e t im e  300 ^u.S; d is lo c a t io n s  1200-2000/cm 2 ; o r ie n ta t io n  1 1 1 ). The 
n - ty p e  f i lm s  were to  be made by im p la n t in g  donor im p u r i t ie s  such as 
Phosphorus, A rs e n ic  and A n tim ony.
/L. / 2
C o n ta c t a reas were im p la n te d  u s in g  doses o f  3 x 10 P io n s /cm  
a t  e n e rg ie s  o f  b o th  40 keV and 70 keV to  g iv e  a t o t a l  dose o f  6 x ID  ^  
io n s /cm 2 . Because r a d ia t io n  damage produces p - ty p e  e f f e c t s  w h ich  masks 
th e  ch e m ica l dop ing  o f  th e  Phosphorus im p u r i t y ,  i t  was n o t p o s s ib le  
to  a tte m p t any e le c t r i c a l  measurements u n t i l  a f t e r  a n n e a lin g  a t  500^0 
f o r  45 m in u te s  in  an i n e r t  a tm osphere . I t  was hoped th a t  by chang ing  
typ e  th e  p -n  ju n c t io n s  so form ed w ould produce th e  necessa ry  i s o la t io n .
In  p r a c t ic e  i t  was found  th a t  i t  was e x tre m e ly  d i f f i c u l t  to  make 
ohmic c o n ta c t  to  th e  im p la n te d  a reas and no c o n s is te n t  s e ts  o f  
measurements c o u ld  be o b ta in e d .
Hf*
An a tte m p t was a ls o  made to  p roduce p  on p  c o n ta c ts  by im p la n t in g  
p - ty p e  germanium w ith  Ind ium  b u t s im i la r  in c o n s is te n t  r e s u l t s  were 
o b ta in e d .
132
